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ABSTRACT 
Laboratory tests were undertaken to establish the formative mechanism 
for steps and pools in steep mountain streams. They indicated that the 
formation of steps and pools is associated with high intensity, low return 
interval events and the processes of armouring/paving and antidune formation. 
Lower than formative discharges give the structures their step-pool appear-
ance, and under such discharges they are extremely stable. 
Step-pool streams may be modelled by a succession of artificial steps 
or weirs. Wooden steps were placed in a laboratory channel for this purpose, 
and clear water flow, clear water scour, and sediment transport tests under-
taken for a range of discharges and channel slopes. 
Three distinct flow regimes were observed for the clear water flow and 
clear water scour tests. 
flow, and shooting flow. 
transport rates. 
They were stable tumbling flow, unstable tumbling 
Sediment transport complicated the regimes from low 
Unstable tumbling flow (clear water flow) at a low slope was shown to 
be caused by the breaking of standing waves at a theoretical maximum of 0.142. 
For higher slopes (and including clear water scour tests), unstable tumbling 
flow was shown to be associated with the physical system geometry preventing 
the submerged hydraulic jump from developing fully. However, unstable 
tumbling flow was also caused at lower discharges by sediment waves which were 
a feature of some test runs with sediment transport. Even so, unstable 
tumbling flow is likely to occur under field conditions only rarely. 
with clear water scour, the scour dimensions corresponded to the 
ultimate static limit. That is, no sediment remains suspended by jet action 
as occurs for the dynamic limit of scour. 
For clear water flow and clear water scour, resistance to flow may be 
predicted by logarithmic equations. Resistance to flow with sediment trans-
port correlated strongly with the average scour hole size. 
A sudden increase in average (and maximum) velocities indicated that 
with sediment transport, the erosive ability of a step-pool system may 
increase sharply as pools become drowned by sediment. For a given discharge, 
increasing the sediment transport rate beyond this drowning led to net 
deposition, but no real increase in average velocity. 
with sediment transport, sediment waves and water waves occurred 
(independently) despite steady inputs of both water and sediment. This 
behaviour parallels reports of sediment movement as waves in mountain streams. 
This tendency toward non-uniformity of water and sediment motion suggests 
that such behaviour may be explicable in terms of recent advances in non-
linear thermodynamics. 
Steps and pools in a steep mountain stream apparent from the air. 
steps and pools in the Torlesse Stream under varying flow conditions. 
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~ A function of/Non dimensional sediment transport rate. 
~a Internal friction angle. 
~b Non dimensional bedload transport rate. 
X A function of the size, shape, and spacing of roughness elements. 
$ Dimensionless flow parameter (equivalent to the inverse relative shear 
stress. 
xx 
~~ Reduced dimensionless flow parameter. 
A Ratio of model to prototype. 
Yalin's nomenclature for Bagnold's work. 
cr (Subscript) Critical conditions. 
e b Efficiency for bedload transport. 
qsb Specific bedload transport rate. 
UD Velocity in vicinity of the bed. 
u Mean velocity. 
m 
W Ratio of solids to water density. 
X Grain size Reynolds' number. 
Y A mobility number. 
Z A dimensionless granular roughness. 
T Shear stress. 
o 
~ Friction angle of channel. 
w Stream power. 
w Stream power at incipient motion conditions. 
o 
Subscripts 
c Critical conditions. 
1 Air-water phase. 
m Mean. 
o Initial conditions. 
u Values corrected for underflow. 
Notation for Appendix 2 is given on page 259. 
CHAPTER ONE 
INTRODUCTION 
1.1 PROBLEM STATEMENT 
Excessive sediment supply from upper catchment areas typical of 
many New Zealand hill regions threatens river control works, hydraulic 
and other structures, and can cause flooding farther down the river 
system. Despite the recognition of this problem, little is known of 
the behaviour of the upland streams transporting the sediment, or of 
the erosion processes supplying the sediment for transport. 
Steep natural channels in such upland regions have a tendency 
to form apparently well ordered stair-case like structures, which are 
commonly called step-pool systems. In step-pool systems, water flows 
over groups of large bed elements that act like weirs, and plunges into 
pools below these elements. The boundaries of the pools are composed 
of smaller sediments. While many authors state that step-pool systems 
are necessarily structured during high intensity, low frequency flood 
events, no detailed explanation of this process has yet been proposed. 
An understanding of this formative process is, perhaps, basic to an 
understanding of other aspects of steep mountain stream behaviour. 
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The flow in step-pool systems is described as tumbling flow, in 
which a great part of the flow energy is dissipated by rollers in the 
pools. The extent of energy dissipation in pools is a measure of the 
hydraulic roughness of the stream. However, the way in which the ability 
of the stream to dissipate energy changes with increasing flow rate is 
not known. It is hypothesised that when the step-pool structure becomes 
'drowned' by high flows - that is, its ability to dissipate flow energy 
by the tumbling overfalls becomes ineffective as high flows shoot 
straight past the top of the steps - the erosive ability of the stream 
will increase substantially due to the resultant steeper mean energy 
slope and greater velocities. 
The interaction of erosion (i.e. sediment production) and trans-
port in steep mountain streams is recognised as being very complex 
(Ashida et aI, 1976). On a mountainous watershed, the main causes of 
sediment yield are surface erosion of bare slopes, landslides, mud-
d~bris flows, and scouring of the stream bed and banks. These are 
unsteady phenomena, reflecting an interplay of stream and precipi-
tation runoff. Similarly, sediment transport from these sources is 
unsteady, varying spatially and temporally. Commenting on the future 
needs in the sediment field, Wolman (1977) suggested: (p. 51) 
"Both erosion and transport in natural systems vary 
with time. Perhaps a major need is to understand 
the way in which discontinuous transport processes 
take place in channels". 
and concluded (p. 54) 
" as always, we know very little about the sequen-
tial micro-processes involved in erosion and sedimen-
tation, but much about the gross impact of some clim-. 
atic and flow conditions. From both a theoretical 
and practical point of view, more attention is needed 
to unsteady or transient phenomena of erosion and trans-
porta tion" . 
Certainly, while it is widely accepted that movement of material 
down slopes is largely controlled by stream bank erosion and undercut-
ting of the toes of slopes occurring when the stream is in flood, little 
is known of the stream behaviour during these processes. 
Similarly, the literature on sediment transport in steep moun-
tain streams reflects general confusion as to the underlying stream 
processes. The only consistent conclusion to be drawn from different 
authors is that conventional sediment transport equations are not dir-
ectly applicable to steep mountain streams. The discontinuous nature 
of the supply, the storage of sediment within the stream channel, and 
the morphology of step-pool systems are all recognised as violating 
assumptions underlying conventional sediment transport formulae. 
Consequently, in order to rationalise the behaviour of step-pool 
streams, an understanding must first be gained of the way in which they 
are formed. Further, an understanding of the flow processes in step-
pool systems is necessary. While this is an end in itself, it is essen~ 
tial for subsequent investigations into erosion and sediment transport 
(and their interactions) in step-pool systems. In particular, knowledge 
of when a steep mountain stream will be potentially erosive must be 
gained. Ultimately a qualitative and quantitative appreciation of 
risks to downstream fluvial systems and related structures rests on 
achieving a satisfactory understanding of the above unknowns. 
1.2 OBJECTIVES OF RESEARCH 
The work reported herein was undertaken to achieve some under-
standing of the behaviour of steep mountain streams under a variety of 
flow and sediment transport conditions. Broadly, the objective of the 
project was: 
to report and rationalise the behaviour of an idealised 
step-pool channel stream in response to inputs of water 
and sediment typical of those occurring in a prototype 
stream, and to relate this to the known behaviour of step-
pool streams in the field. 
1.2.1 Specific Objectives and Outline of Methods 
From the broad objective, the following specific objectives were 
formulated, to be achieved as outlined: 
Understand the Formation of Step-pool Systems 
with a graded sediment (minimum size ~ 2 rom, maximum size ~ 50 
rom) initially arranged as a plane bed, sediment-moving discharges were 
to be used to investigate the origin of step-pool systems. Of special 
interest was the theory that steps and pools (which become apparent at 
lower flows) originate as antidunes under channel-forming flows. It 
was also recognised that armouring of the bed surface could be a contri-
butory process. Tests were to be performed at a range of slopes and 
flow rates. 
Longitudinal sediment profiles were to be measured once the bed 
had attained equilibrium. A zero-crossing analysis would then yield the 
height and wavelength of bedforms. These characteristics could then be 
compared to those of antidunes. 
Average velocities were to be measured using the salt-velocity 
technique for a series of low flows as well as the bed shaping flow for 
each test. This would allow friction factors (a measure of resistance 
to flow)· to be calculated for the shaping flows, and also for the low 
flows which would give the deformed bed its step-pool appearance. 
The bed material size was to be analysed prior to testing. After 
measuring the longitudinal profile of the equilibrium bed, part of the 
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bed surface layer was to be sprayed wi.th paint, and the coloured 
grains removed and sieved. This would give a measured armour layer, 
which could then be compared to that predicted from the calculated 
shear stress and sampled bed material. 
Understand the Behaviour of an Idealised Step-pool System 
A series of 0.285 m high baffle plates were to be established 
at 0.5 m spacing in the laboratory flume to form an idealised step-pool 
system. Three sets of tests were then to be performed using this appara-
thus, namely: 
(a) Clear Water Flow. At a series of slopes, for a range of 
flows, flow regime was to be studied for each test. Average and maxi-
mum velocities measured using the salt velocity technique would charac-
terise the erosive ability of the stream. Average velocity would allow 
calculation of the friction factor for each test. These values were to 
be compared with conventional resistance equations to see if step-pool 
systems would be amenable to treatment by conventional hydraulics. 
The behaviour of this system would identify any model idiosyn-
crasies that would have to be allowed for in the following laboratory 
work. 
(b) Clear Water Scour. With the spaces between the baffles 
initially filled with sediment, the scour field between baffles was to 
be investigated for a series of slopes, and a range of flows. Again, 
mean and maximum velocities were to be used to calculate the friction 
factor and erosive potential. Flow regime was to be compared with that 
observed for the tests described in (a) above. 
(c) Sediment Transport. The tests outlined in (b) were to be 
repeated, but at each slope-discharge combination, a series of tests 
would be performed, each with a different sediment transport rate. 
Modification of the scour field between baffles with transport rate 
was to be observed (this being the only adjustment available to the 
system because of imposed flow rate, slope, and sediment input rate) . 
Again, mean and maximum velocities were to be measured. 
Attempts would be made to describe the sediment transport rate 
by an existing equation. (Such an equation would necessarily have a 
term allowing for channel boundary changes to reflect the only degree 
of freedom of the system with the given imposed conditions). The 
stream power approach of Bagnold was anticipated to be the most likely 
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to be applicable. 
1.3 LAYOUT OF THESIS 
As can be seen from the objectives outlined above, the laboratory 
investigations fall into four discrete series of tests. The results for 
each of the four series of tests, and corresponding analysis, thus stand 
as discrete entities. For this reason, the thesis has been set out as 
follows: 
Chapter 2 
Chapter 3 
Chapter 4 
Chapter 5 
Chapter 6 
Chapter 7 
A literature review of field research rele-
vant to steep mountain streams. 
A review of the equipment and techniques used 
in the laboratory investigations. 
On the origin of step-pool systems. 
Clear water flow in an artificial step-pool 
torrent. 
Clear water scour and associated behaviour of 
an artificial step-pool torrent. 
Sediment transport and associated behaviour 
in an artificial step-pool torrent. 
Chapter 8 : Conclusions. 
The conclusions presented in Chapter 8 will be general to the 
project as a whole. However, each chapter will contain its own section 
on literature (where relevant), tests performed, results, and conclusions. 
This has been done to preserve clarity by not mingling reporting of the 
different series of tests. 
Symbols used will be as defined in the list of nomenclature. 
They will also be defined in the text on first appearance. If an alter-
native meaning is used for a particular symbol, this will be defined in 
the text also. 
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CHAPTER TWO 
LITERATURE REVIEW NATURAL STEP-POOL STREAMS 
2.1 INTRODUCTION 
Physical processes affecting streambed form and composition have 
been investigated by earth scientists and by hydraulic and hydrologic 
engineers. The earth sciences have a large body of literature on the 
development of river systems, river morphology, and erosion and sedi-
mentation processes. Engineers have addressed channel stability and 
capacity, together with the mechanics and prediction of sediment trans-
port. 
Drawing from these different sources, the literature related to 
steep mountain streams can be classified into five different but over-
lapping fields. They are: 
(a) The geomorphology of steep mountain streams. 
(b) The origin of step-pool systems in steep mountain streams 
(to be dealt with in Chapter 4) . 
(c) The mechanics of flow in steep mountain streams. 
(d) Sediment studies in steep mountain streams and 
(e) Sediment transport theories (to be dealt with in Chapter 7) . 
In the following literature review, (a), (c) and (d) will be 
investigated in turn. (It is important to note that 'steep' is used 
as meaning high gradient, rather than that slope that would result in 
super~critical flow). 
2.2 THE GEOMORPHOLOGY OF STEEP MOUNTAIN STREAMS 
Longitudinal stream profiles do not usually show a smoothly 
varying slope, but take the form of reaches of alternatively flatter 
and steeper slope, associated respectively with deeper and shallower 
flow sections. Leopold and Wolman (1957) noted that these shallows and 
deeps are a fundamental characteristic of almost all rivers. Further, 
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Keller and Melhorn (1978) assert that their existence is largely inde-
pendent of the material in the channel bed and banks. This is demon-
strated by the occurrence of riffles and pools in bed rock as well as 
in alluvial channels, and by meandering and step formation in supra-
glacial streams. Leopold et al (1964) comments that there appears to 
be a latent tendency for the development of riffles and pools even in 
boulder-bed channels. 
This tendency has frequently been reported in steep mountain 
streams (Ashida et al, 1976, 1981; Day, 1972; Hayward, 1978, 1980; 
Judd, 1964; Judd and Peterson, 1969; Leopold et al, 1964; Newson, 1981; 
O'L'oughlin, 1969; and Scheuerlein, 1973). In these streams, the al ter-
nating sections are often called steps and pools, because of their 
staircase-like appearance. Thus, despite widely differing channel 
form, there exists a continuum of channel pattern (Leopold and Wolman, 
1957) from low gradient alluvial streams through to steep mountain 
streams incised in coarse debris. 
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steps are formed from large bed elements (Judd, 1964; Judd and 
Peterson, 1969; Kellerhals, 1973; Newson, 1981). The size of these bed 
elements may be of the same order as the depth of flow (Day, 1981; Judd, 
1964), or even comparable to the width of the channel (Kellerhals, 1972). 
Judd (1964') and Judd and Peterson (1969) considered the bed to be essen-
tially 'fixed' because of imbrication of the large bed elements. Hayward 
(1978, 1980) classified step structures into three types as follows: 
(a) Boulder steps consist of a group of boulders arranged in a 
straight or curved line across the channel (fig. 2-1). These are gener-
ally found on slopes greater than 5%. 
(b) Riffle steps are a collection of larger than average sized 
sediments which steepen the channel profiles (fig. 2-2), and are found 
on slopes less than 5%. Riffle steps may contain boulder steps. (Riffle 
steps lie in the slope range given by Bathurst et al (1981) as being 
definitive of boulder-bed channels) . 
(c) Rock steps are found where the channel is confined between 
bed rock outcrops (fig. 2-3). 
Hayward also identified what he called a 'major' and a 'minor' 
pattern. The minor patterns were found within the major and were most 
commonly boulder steps. The major patterns were most commonly riffle 
steps or rock steps. The implication is that the major steps control 
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Figure 2-1: Boulder steps. 
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Figure 2-2: Riffle step. 
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Figure 2-3: Rock steps. 
channel grade. ' 
Other authors have referred to boulder steps as being 'trans-
verse ribs' (Boothroyd, 1970; Gustavson, 1974; Koster, 1978; McDonald 
and Banerjee, 1970, 1971; McDonald and Day, 1978). Transverse ribs 
are usually found on the riffle portion of low gradient, high width to 
depth ratio channels with coarse alluvial beds. These channels are 
often found on glacial outwash fans. Transverse ribs exist as regular 
pebble, cobble or boulder ridges oriented transversely to flow (McDonald 
and Banerjee, 1971). The inter-rib areas of the riffle usually c,ontain 
finer material. The connection with steeper mountain streams was made 
by McDonald and Banerjee (1971), when data from the No-See-Um Creek 
(gradient = 7.1%) fitted on a line through data from the Peyto outwash 
plain (gradient less than 2.2%) on a graph of rib-clast b-axis size 
versus spacing between ribs. 
The structure of bedforms in steep mountain streams may be 
approached differently to the hierarchical approach of Hayward. Laronne 
and Carson (1975) investigated a channel ranging in slope from 2% to 9%. 
They noted frequent large variations in channel width and depth of flow, 
as well as armouring. [Note: subsequently in this thesis, the loose 
term armouring will not be used as a description of any imbricated sur-
face. Instead, the definitions of 'armouring' and 'paving' of Bray and 
Church (1980) will be employed. These definitions are: 
Armouring: Where the population of the bed surface layer 
material is essentially the same as the population of 
the subsurface material, when the subsurface bed material 
size distribution is truncated below 8 rom. 
paving: Where the population of the surface layer material 
consists of obviously larger sized particles than the popu-
lation of the subsurface material, when the subsurface bed 
material size distribution is truncated below 8 rom] . 
Two main types of bed condition were noted by Laronne and Carson, 
namely bed protuberances and boulder shadows. Bed protuberances were 
defined as a single boulder, or a group of boulders dispersed in a sec-
tion of the bed. Single boulders were seen to occupy about 5 to 10% of 
the bed area, while groups of boulders were seen to occupy greater than 
15%, sometimes with imbrication. These groups were often seen to form 
transverse ribs. 
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Almost all bed protuberances were associated with boulder 
shadows (in both upstream or downstream situations; see fig. 2-4). 
downstream 
deposits 
upstream & downstream 
bould er shadows 
/\ 
~upstream 
/ deposits 
Fig. 2-4: Boulder shadows and associated bed protuberances. 
Downstream deposits were found to be predominantly pebbles and 
fine cobbles, while upstream deposits were mainly small pebbles (10 to 
30 mm). Riffle steps may then be viewed as sections of channel with 
disordered group proturberances. 
Most of the channel investigated by Laronne and Carson displayed 
imbrication of the bed surface material. This imbrication was more 
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stable for the steeper parts of the channel. At lower slopes, inter-
action of bedload with the armour layer was demonstrated by the selective 
burial process of labelled bedload particles (see section 2-4-2). 
Thus, the bed features classified by Hayward (1978, 1980) can be 
seen as being determined by the distribution of bed protuberances. 
Judd (1964) and Judd and Peterson (1969) took a similar approach. After 
defining a mean plane for the bed of a section of channel, they repres-
ented the intensity of large bed elements with an equation 
where N 
/i: 
k 
n 
number of bed elements larger than a certain size k 
n 
... 2-1 
k 
n 
size of a bed element such that n% of the bed elements are 
larger than k
n 
A the area of the cross section of channel 
u a uniformity coefficient 
and I a measure of the relative area associated with one bed ele-
mente 
This quasi-statistical approach allows recognition of different 
step types, but avoids the hierarchical distinctions of Hayward. 
Many authors recognise that step structure becomes better deffned 
and more regular at steeper slopes (Hayward, 1978, 1980; Heede, 1972(a), 
1972(b); Judd, 1964; Judd and Peterson, 1969; o 'Loughlin, 1969). Judd, 
and Judd and Peterson attempted to describe the longitudinal spacing of 
steps with an equation 
where L 
and 
L 
length between steps 
slope 
a representative bed element height 
2.0, z = 1.0 for average conditions. 
.•. 2-2 
In forested catchments, large organic debris in steep mountain 
streams also forms steps (Beschta, 1981, Heede, 1972(a)., 1972(b); Keller 
and Swanson, 1979). Heede showed that after such organic steps had 
formed, boulder steps also formed. The result was that in the streams 
3 he investigated, more than 4 of the vertical fall was due to steps and 
pools. Keller and Swanson stated that organic debris contributed be-
tween 30% and 80% of falls in channels of around 15% gradient. 
2.3 MECHANICS OF FLOW IN STEEP MOUNTAIN STREAMS 
Flow in steep mountain streams is characterised by highly vari-
able velocity and intense turbulence, often combined with air entrain-
ment (Hartung and Scheuerlein, 1967; Scheuerlein, 1973). The extremely 
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large\roughness ele~ents in these streams cause ill-defined cross-
sections and frequent hydraulic jumps (Kellerhals, 1973). Consequently, 
the flow has been designated tumbling flow (Judd, 1964; Judd and 
Peterson, 1969; Kellerhals, 1970, 1972, 1973; Mohanty, 1959; Peterson 
and Mohanty, 1960). Other authors have commented on the significant 
energy dissipation that occurs because of the flow patterns of falls 
and pools in a step-pool stream (Ashida et aI, 1976, 1981; Heede, 1972 
(a), 1972 (b), Newson, 1981). 
Most steep mountain streams are geographically remote, and there-
fore measurements of their basic hydraulic, hydrologic and morphological 
characteristics are difficult to make. One approach to overcome this 
difficulty has been to use a hydro-morphic procedure (Day, 1969, 1972) 
whereby the evaluation of changes in the runoff process can be predic-
ted from channel and basin dimensions. (These can be taken from topo-
graphic maps or aerial photographs). Channel width W is related to 
either drainage area DA (Miller, 1958) or a formative discharge QD' 
i. e. W = ¢l (DA, QD' J ... ) · •. 2-3 
where J = channel slope. 
Day (1969), working with channels ranging in slope from 1% to 
20%, ignored roughness in his analysis. (Although based on dimensional 
analysis, this was more like a regime analysis). He began with the 
continuity equation 
Q · .. 2-4 
where Q flow 
A flow cross-sectional area 
and mean flow velocity. 
At a given cross-section, A and v vary with discharge as simple 
m 
power functions (Leopold and Maddock, 1953). 
v k Qm 
· .. 2-5 m 
A aA 
Qbl). 
· .. 2-6 
(The relationships are usually expressed in terms of v
m
' flow depth h, 
and flow width W as follows: 
v 
m · .. 2-5 
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h 
· .. 2-1 
and W · •. 2-8 
Day used A instead of W because of channel irregularities). Day meas-
ured Q and v by salt dilution gauging and established an equation for 
m 
width 
W = a DAb JC ... 2-9 
J was subsequently found to be insignificant. The equation 
relating A to Q was then found to have the form 
· .• 2-10 
Kellerhals (1970, 1972, 1973) further developed this theme on 
the assumption that tumbling flow systems should behave like kinematic 
flow systems (i.e. the channel at any cross section will be governed 
by a unique A-Q relation). Confirming that only equations of the form 
of equation 2-6 gave a good fit to his data, Kellerhals noted that b A 
reflected channel type. b A = 0.6 for rough, broad channels, and bA = 
0.3 for cascades of pools controlled by parabolic weirs. 
He then modelled wave propagation in steep natural channels with 
this kinematic approach, based on the continuity equation 
where x 
t 
aA + aQ 
at ax 
aA aA 
o or at + c ax o 
position of any point on the channel 
time 
and c = wave celerity. 
... 2-11 
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However, contrary to the behaviour of kinematic waves, both posi-
tive and negative wave fronts were observed to flatten, so a dispersive 
term Sw was added to the equation to give 
aA aQ _ 
at + c ax -
2 
Q a A fJW --
ax
2 · .• 2-12 
This was solved. However, a computationally simpler model was 
developed by Kellerhals. In this, the channel was replaced by a cas-
cade of pairs of non-linear reservoirs (for dispersion of waves) and 
truly kinematic channel segments (for downstream progression of waves) • 
Bren and Turner (1978), working. in a stream of gradient of 
approximately 8%, and with Reynolds' numbers exceeding 10,000, generated 
shock waves over a reach of about 40 m. Kinematic wave theory was 
found to give a good simulation of the recession hydrograph, and to 
reproduce features of the rising hydrograph. 
Leopold and Maddock (1953) postulated that width W, depth hand 
velocity v for naturally formed streams are all power functions of 
discharge Q, i.e. 
W a Qb · .. 2-8 
h c Q f ... 2-7 
v k Q m • .. 2-5 
Further, Q = a Qb. 6 Qf. k Qm such that a.c.k = 1 and b + f + m = 1. 
These relationships have been investigated by several authors. 
Judd (1964), using mean velocity and statistical mean depth h, found 
that the average values for .the six reaches investigated gave b + f + 
m = 1. 02. Heede (1972 (a» assumed that b could be ignored (because width 
changes so little with discharge), and found average values for f and 
m of 0.43 and 0.52 respectively (mean channel gradient = 26%). Judd 
used his results to solve v in terms of his statistical mean depth. 
m 
This resulted in an equation very similar to one relating v to channel 
m 
para~eters that was established by dimensional analysis. 
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Judd and Peterson (1969) noted that with large relative rough-
ness heights, the commonly accepted logarithmic velocity distribution 
does not hold. However, while non-uniform and unsteady on a small scale, 
the flow may be macroscopically uniform within a reach providing that 
the roughness pattern has uniform statistical characteristics within 
that reach. Judd (1964) used this assumption without stating it. In 
relating bed characteristics to hydraulic ones, he found that a mean 
velocity equation of the power form gave best results, viz 
· .. 2-D 
where c 5 <p 4 (kn ) 
c b a bed element shape factor 
h a statistical mean depth 
I an intensity factor 
W width of water surface 
and k a bed element size such that n% are larger than k . 
n n 
The equation was tested over a slope range of 1% to 4%. 
On this assumption of macroscopic uniformity, Judd and Peterson 
described the flow in a steep rough channel by the momentum equation 
• •. 2-14 
where v ., P . are the velocity and pressure respectively at section i. 
ml ml 
and 
a = slope angle of the channel 
F f external resistance force 
wsina component of the gravity force acting in the direction of 
motion. 
From the assumption of macroscopic uniformity, 
and Wsina = Ff . 
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Using assumptions about bed element shape, field results, and flume data 
from simulated natural channels, they obtained the equation 
v 
---ill 
Ig Jh = <P(i\) 
[~) 7 (A -0 • 08) 
[ 
11" J 1/3 
k50 
where i\ = (E vertical projected areas of bed elements) 
(Area of the bed) 
· .. 2-15 
Judd and Peterson observed that for large bed element channels, the 
Froude number rarely, if ever, exceeded unity. 
Like Judd and Peterson, Hartung and Scheuerlein (1967) assumed 
the flow to be quasi-steady, but further assumed that it could be con-
sider.ed an homogeneous air-water mixture. The flow was represented by 
the Bernoulli equation 
2 
v 9,i 
2g · .. 2-16 
where 9, (subscript) refers to the air-water phase 
and 
a angle of channel 
H. measured energy head at point i 
1 
y distance from the axis of the pitot tube to the air-water 
surface. 
)'9, 
Defining a = -- as a mean value of a parameter describing air 
m y 
entrainment, they deduced 
· .. 2-17 
where m denotes a mean value 
and c = a resistance factor (which was not independent of roughness, Q, 
and was defined graphically) • 
The equation is a variation of the Brahms-Ch~zy relationship. 
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Scheuerlein (1973) attempted to solve the same system using a 
logarithmic formula. (Both Hartung and Scheuerlein (1967) and 
Scheuerlein (1973) refer to investigations of a large bed element 
channel of gradient up to 67%). Scheuerlein (1973) citing other authors, 
reduced their various equations to the common form 
n = -A log (~B) 
where f Darcy-Weisbach friction factor 
k, mean roughness height 
R hydraulic radius 
B an empirically determined coefficient 
A 
Q,n 10 
K rs 
and K Von Karman's turbulence coefficient. 
He then obtained from his data 
where 0 
and 
where L 
and tana 
B = 0(0.44 + 3</» 
an aeration factor 
tana k 
L 
a longitudinal spacing of roughness elements 
channel slope. 
• .. 2-18 
• .. 2-19 
• •• 2-20 
While most authors note the role of pools in dissipating fluid 
energy at low flows, few have considered the behaviour of step-pool 
systems at high flows. Hayward (1980) and Heede (1972(a)) both postu-
lated the possibility of drowning of the step-pool structure at high 
flows, with resultant decrease in fluid energy dissipation. However, 
Heede considered structural submergence rare, while Hayward considered 
impairment in the dissipation of energy as potentially far more severe 
when pools are filled with gravel. 
2.4 SEDIMENT STUDIES IN STEEP MOUNTAIN STREAMS 
Res'earch into sediment movement in steep mountain streams has 
been limited. However, a body of literature describing some aspects 
has been built up by researchers mainly in the Western United States 
of America. (Streams investigated have been mainly gravel-bottomed 
riffle-pool streams, which are still considered as steep. Thus the 
following review will consider these as well as the steeper step-pool 
channels). A consistent feature in the literature is that sediment 
transport in steep mountain streams is typified by temporal and spatial 
variations of orders of magnitude, even under constant flow conditions. 
This variation has led many researchers to attempt to develop sediment 
runoff prediction formulas which have considered the watershed as a 
black box. Inputs to the models have been macroscopic factors such as 
climate and topography (Ashida et al, 1976). Hayward (1980) points 
out the inappropriateness of some of these models, specifically those 
attempting to relate sediment delivery rate to climate and relief: 
Another common method of predicting bedload transport rate, 
that of assuming it to be a certain percentage of the suspended sedi-
ment transport rate, is also seen to be incorrect. Jarocki (1957, 
quoted by Gregory and Walling, 1973) estimates that bedload accounts 
for 70% of the total sediment from alpine streams. Kellerhals (1972) 
confirms that bedload makes a significant contribution to total sedi-
ments in mountain streams in Alberta. By contrast, MacPherson (1971) 
found that at Bragg Creek (Alberta), bedload accounted for less than 1% 
of total annual sediment yield. Hayward (1980) reported suspended sedi-
ment in the Torlesse Stream to account for only 10% of the total annual 
sediment yield. 
Ashida et al (1976) observed that even though the main sediment 
sources and grain size distributions may be known (as they were for 
their study basin), the complicated transport phenomena make any quan-
titative discussion equally complex. 
Despite these problems, several consistent features emerge from 
all these studies. First, sediment production is from limited sites 
within the catchment. Secondly, this sediment is stored in the stream 
channel. Once this stored sediment moves through a channel reach, the 
transport rate drops considerably (for the same flow) until there is 
another input from one of the sediment production sites. This effect 
is modified at lower slopes where interaction of bedload and the armour 
layer occurs. Further, especially at higher slopes, the streams are 
s~ldom transporting bedload at capacity. This is due to paving or 
armouring, as well as the above two reasons. 
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Any attempts to model sediment transport in steep mountain 
streams must, then, be able to calculate bedload transport rates as 
a function of hydraulic conditions, sediment inflows and streambed 
scOur and deposition (accounting for changes in streambed elevation 
and composition) (Jackson, 1981). 
Based on observations of Emmett (1976), Jackson (1981) proposed 
a bed-material routing model operating in two distinct phases. Phase 
1 involves the transport of bed material over a stable armoured bed. 
Phase 11 bedload transport occurs at flows which are greater than those 
required to entrain riffle armour, and includes larger riffle sediments 
in addition to Phase 1 sediments. This model, while developed for low 
gradient riffle and pool rivers, can also be applied to steeper step-
pool.streams. 
2.4.1 Sediment Movement in Step-Pool Streams 
The paved beds of step-pool streams are extremely stable, and 
only break down under very high flow rates. Ashida et al (1981) calcu-
lated that the critical flow required to destroy a paved bed at steep 
slopes is about 4 m3/s. A 25 yr flood with peak discharge of about 
2.1 m3/s (Hayward, 1980) destroyed small sections of paved bed in the 
Torlesse Stream. 
Thus the main mode of transport in the step-pool system is Phase 
1 type where bedload moves along a paved channel. Because the sediment 
inputs are usually of a bulk nature, the sediment is stored in the 
channel and tends to move through the step-pool system as discrete 
waves. Sediment yield is often measured at or near the mouth of a 
catchment or watershed. Anyone particular flood hydro graph mayor 
may not move a sediment wave within the channel through the sampling 
station. Hayward (1980) reported highly variable sediment yields for 
storms of the same magnitude. If the sediment wave is at or near the 
sampling station, the measured transport rate will correlate highly 
with the rising limb of a flood hydrograph. Ashida et al (1976) noted 
that if the stored sediment was of sufficient quantity, then sediment 
transport rate approached an equilibrium state such that a bedload 
formula may have been appropriate. 
However, if the sediment wave is some distance from the sampling 
site, there is a time lag before sediment yield occurs under the rising 
limb of the hydrograph. Antecedent low flows may have sorted the stored 
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sediment, moving available smaller sizes further down the channel. 
During a flood these are sampled before.the main bulk of the sediment 
wave moves through the sampling station (Ashida et aI, 1976). 
The extreme case is where antecedent flows have swept the 
channel clean of stored sediment before a flood event. Under such 
conditions, Ashida et al (1976) measured lag times of about 10 to 12 
hours, the time taken for material to travel 500 m from the supply area. 
Hayward (1978, 1980) measured the progress of sediment waves through 
the Torlesse stream, and similar waves were also noted by Nanson (1974). 
Implicit in the above is that most bedload movement occurs over very 
short periods of time. Hayward calculated that 90% of sediment trans-
port for the Torlesse stream occurred in 1% of total time. 
Thus bedload transport in step-pool systems is supply regulated 
(Ashida et aI, 1976, 1981; Hayward, 1980; Nanson, 1974) and not con-
trolled by bed and hydraulic variables (Griffiths, 1980; Nanson, 1974). 
Storage in the pools causes complex hysteresis in the sediment trans-
port process (Ashida et aI, 1981). If the paved channel surface is des-
troyed, sediment discharge increases rapidly. 
2.4.2 Sediment Transport in Riffle-Pool Gravel Bedded Streams 
Gravel-bedded riffle-pool streams occur at lower slopes than 
step-pool streams. The major difference is that the channel of riffle-
pool streams is armoured, not paved. Because the armour layer forms 
under high frequency, low intensity flow events, it breaks down under 
about a two year flood, with consequent strong channel bed/bedload 
interaction~ Milhous and Klingeman (1973) assert that for these streams, 
the armour layer is the most important single factor limiting the avail-
ability of stream bed sediment and in controlling the relationship be-
tween stream flow and bedload discharge. Large temporal variations 
in bedload transport occur (Beschta, 1981). 
As in the case of step-pool streams, waves of sediment may be 
stored in the stream channel, specifically in the pools (Meade et aI, 
1981). As well, the bulk of sediment transport of many of these streams 
occurs over short periods of time (Bennet and Nordin, 1977). The resi-
dence of time of sediment in riffle-pool streams tends to be long (as 
compared to step-pool streams). Including the interaction of stored 
sediment with the channel bed, Dietrich and Dunne (1978) estimated the 
channel residence time for sediment in Rock Creek (Oregon Coast Range) 
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to be approximately 620 years. Megahan (1976) estimated that for 
small forested catchments in central Idaho, an average of only 10% of 
stored sediment appeared as annual yield over the period 1972-1974. 
phase 1 transport occurs in riffle-pool streams during floods 
of low magnitude, i.e. flows insufficient to disrupt the bed armour. 
Emmett (1976) noted for these conditions bedload of mostly sand sized 
particles, while Bennet and Nordin (1977) reported sediment moving in 
intermittent waves over the top of the armoured layer. 
However, as soon as the flow disrupts the armour layer, and 
Phase 11 transport begins, sediment transport factors become highly 
variable as a result of interactions between flow conditions, sediment 
transport, and stream bed composition and form (Jackson, 1981). As the 
armour layer breaks down, gravel sizes from the armour layer are trans-
ported as bedload. Fines trapped in or beneath the armour layer become 
available for transport (as suspended or bedload, depending on the 
particle size) as sections of the'bed experience rapid scour (Bennet 
and Nordin, 1977; Beschta, 1981; Edwards, 1980; Jackson, 1981). So, 
on the rising limb of the hydrograph, transport rate will increase with 
flow. Scour and fill occur at different times at different sections of 
the channel. Because of this, relatively large fluctuations or pulses 
in the transport rate occurs on the receding hydrograph limb (Beschta, 
1981) . 
As the flow drops, the armour layer will reform. Its composition 
will be determined by hydrograph shape, the existing substrate, bed mat-
erial, and material in transport (Jackson, 1981). rhe complexity of 
this reformation is reflected in the variety of structures and lenses 
of different sized materials (Edwards, 1980) occurring in the substrate. 
Further, as the armour forms, fines from suspended material and bedload 
filter into sheltered positions and pores in the armoured structure. 
Because of the unique combination of conditions encountered during the 
formation of each armour layer, its grain size distribution will vary 
from one flood event to another (Milhous and Klingeman, 1971, 1973). 
Similarly, the critical flow for subsequent disruption of the armour 
layer will vary. 
2.4.3 A Model and General Features 
A sediment routing model that is applicable to both step-pool 
and riffle-pool streams is that of Ashida et al (1976), developed for 
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the Hirudani watershed of the Ashiaraidani experimental basin (Northern 
Japan). The two-phase nature of sediment transport is implicit in the 
option 'Channel Erosion'. The model can be generalised as follows 
(fig. 2-5). 
INPUT----t 
RAIN 
NON ERODIBLE 
SLOPES 
Includes residual 
areas 
o 
SUBROUTINE 
INPUT -----..-
SUBROUTINE 
RAIN 
ERODIBLE 
SLOPES 
~ MECHANISM 
OF SUPPLY 
Q = Sediment 
s 
Transport Rate 
Fig. 2-5 Generalised Sediment Routing Model 
(After Ashida et aI, 1976). 
Inputs from other watersheds may be added in series with the 
channel process SUBROUTINE as shown. 
The step nature of input to the model is not inappropriate. 
Ashida et al(1976, 1981) list the mechanisms of sediment supply to 
the channel as: surface erosion of bare slopes, land slides, mud debris 
flows and scouring of channel bed and banks. In their 1976 study they 
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divided the Hirudani wa~ershed into three sub-watersheds based on 
sediment supply sites and mechanisms. Petrographical analysis of sedi-
ment yield enabled the contribution of each of the supply sites in the 
sub-watersheds to be identified. Nanson (1974) identified the main 
sediment supply to Bridge Creek (a small, steep tributary to the North 
Saskatchewan River, Alberta, Canada) to be from spring-thaw activated 
debris flows of glacial deposits in the middle and lower parts of the 
basin into the entrenched stream. 
The movement of bedload (or suspended load) through the channel 
is modelled by the option SUBROUTINE (fig. 2-6) 
Yes QSC > Qs 
Yes 
Q, Q
s 
Q 
Q
s 
QSE 
Q
sC 
I 
No No 
I 
Q
sC Q, Qs Qs 
Flow rate 
Sediment discharge 
Sediment discharge due to erosion 
Sediment transporting capacity. 
Fig. 2-6 Detail of option SUBROUTINE in Routing Model 
(after Ashida et al, 1976). 
The actual mechanics of sediment movement are not given by SUB-
ROUTINE. A feature of the bedload transport in most of the streams 
discussed above was that for conditions where flow and average bedload 
transport rates were essentially constant, instantaneous bedload rates 
fluctuated markedly. This is probably caused by the mechanism of bed-
load movement through a step-pool reach as particularly influenced by 
channel morphology (Ashida et al, 1981), and is examined in Chapter 7. 
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CHAPTER THREE 
LABORATORY APPARATUS 
3.1 TILTING FLUME 
The primary laboratory component was a 10 m long tilting, recircu-
lating channel (fig. 3-1). The channel was designed by the writer, who 
assisted in the initial major construction. 
channel was done by the writer. 
All subsequent work on the 
The main structural component of the flume is a 9.5 m long 203 x 
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152 x 9.5 RHS section. This was oriented with the major section dimension 
vertical. An angle-iron frame was welded to both sid~s to enable side-
walls to be attached inside (fig. 3-2). A full-depth viewing section of 
perspex 4.5 m long was included in the middle of both side-walls of the 
channel. The rest of the channel side-walls, as well as the channel bot~ 
tom, were made of marine plywood coated with fibre-glass. The channel 
depth is approximately 0.6 m, and the internal channel width 0.132 m. 
The flume is hinged at the lower end, the support being a splayed 
frame (fig. 3-1). Slope adjustment is made at the upper end of the 
channel. The channel is lifted via an attached hinged yoke by a chain-
hoist suspended from the tower structure (fig. 3-3). At the desired slope, 
the channel rests on a steel bar located in holes through the tower members. 
The slopes of the channel corresponding to positions of the bar are given 
in Table 3-1. 
TABLE 3-1 FLUME SLOPES 
position Number a O Slope J (tan a) 
1 1.54 0.027 
2 3.60 0.063 
3 5.62 0.098 
4 7.72 0.136 
5 9.77 0.172 
6 11.84 0.210 
7 13.93 0.248 
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Figure 3-1: The laboratory channel. 
Figure 3-2: Angle-iron side-wall frame. 
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Figure 3-3: Lifting arrangement. 
Figure 3-4: Location of lifting yoke in towe 
-1-
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The tower is itself hinged at the floor, with the flume being 
located by the yoke structure running in a piece of channel (fig. 3-4) 
attached to the tower. The whole flume assembly is shown in fig. 3-5. 
For the series of tests in which the channel was used as an 
idealised model of step-poo~ streams, steps of Australian hardwood were 
inserted perpendicular to the channel bed. These were 0.033 m thick, 
0.285 m high, extended the full width of the channel, and were placed at 
0.5 m centres (fig. 3-6). 
3.2 WATER SUPPLY AND CONTROL 
The flume uses a Davies centrifugal pump driving a recirculating 
water supply. The tail tank acts as a sump. Flow rate is controlled 
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by a 100 mm butterfly valve, in conjunction with an 80 mm valve on a bypass 
circuit back into the tail tank (fig. 3-7). The bypass allows the pump to 
work at near capacity when small flow rates are needed in the flume. A 
steel plate 1 m square was installed in the tail tank (placed on concrete 
blocks, and therefore removable) above the pump inlet to prevent air 
entrainment at that point. 
Water passes from the pump through a supply pipe located below the 
flume into a head tank of the same width as the flume at the inlet end of 
the channel. In the head tank, the flow is turned by the internal con-
struction (fig. 3-8) and proceeds into the channel over a weir. 
Figure 3-6: Hardwood steps in channel. 
Figure 3-7: Valves and bypass for flow control. 
r 
r 
flow into 
flume 
i "---flow from pipe 
Figure 3-8: Internal construction of head tank. 
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Figure 3-9: Manometer board used for calculating 
flow rate. 
Figure 3-10: Sediment feed machine. 
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Flow rate is measured by a vertical manometer board (fig. 3-9) 
measuring pressure difference either side of an orifice plate in the supply 
pipe beneath the channel. Three orifice plates and their installation 
were designed to BS 1042:1943, to cover the range of flow rates used. 
3.3 SEDIMENT INPUT 
For the series of tests involving sediment transport, it was 
necessary to construct a sediment feed device. This machine works on a 
rotating tube principle, where sediment moves by gravity from a hopper into 
a rotating tube. The angle and rotational velocity of the tube determine 
the sediment supply rate. The equipment (which was constructed principally 
by the writer) is shown in fig. 3-10. 
The lower steel base plate is attached to the top of the channel 
just below the head tank, with the feed tube pointing upstream. The angle 
of the rotating tube is altered by the two screws shown. These move the 
upper steel plate (upon which the machine is mounted) in a circular arc 
about the hinge point which was located below the feed tube. In this way, 
the angle of the flume can be accommodated without affecting the machine's 
performance. The tube is powered by a \ HP motor via a system of pulleys 
and belts. These were selected to convert the output rotational velocity 
of the motor to an appropriate rotational velocity for the tube. The tube 
itself runs in two wooden bearings, and is located by a flange at the hopper 
end. The side angle of the hopper is equal to the angle of repose for 
granular sediments to ensure steady supply to the tube. 
The input rate of sediment to the flume was measured by sampling the 
output from the tube over a certain time period, and then weighing the 
sampled sediment. This output was found to be very even with time, even 
with a changing level of sediment in the hopper. One limitation of the 
sediment feed machine was that it would only feed dry sediment. Feed rate 
was sensitive to moisture content. For this reason, after a test run had 
been completed, sediment was removed from the tail tank and air-dried before 
being stored in the hopper, or standby drums. 
3.4 BEDLOAD MEASUREMENT 
A stainless steel mesh basket was positioned at the downstream end 
of the flume to measure bedload transport rates. It is suspended from a 
chain hoist attached to a swivelling arm (fig. 3-11). When the bedload 
Figure 3-11: Apparatus for measuring sediment transport 
rate. 
area of trace removed 
because disproportionately 
influ~nc~d by slow 
r~l~ase from dead zones 
area used In calculation 
of centroid 
...--time 
Figure 3-12: Area used for calculation of conductivity 
curve centroid. 
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had been sampled for a desired time period t, the basket was swung out of 
the flow. It was then raised, pulled forward, and lowered onto the spring 
balance shown. The weight of the basket was known, and subtracted from 
the total weight. This enabled calculation of the bedload transport rate. 
The basket was then transferred back to the chain hoist, and 
positioned above the tail tank alongside the flume. A ~in at one end of 
the bottom of the basket was removed. The bottom, hinged at the other end, 
then swung down, depositing the sampled sediment in the bottom of the tail 
tank. A screen across the middle of the tail tank (visible in fig. 3-7) 
prevented this sediment, as well as that not sampled (which obviously went 
straight into the tank) from entering the pump. 
3.5 MEASUREMENT OF MEAN VELOCITY 
The salt-velocity method, devised by C.M. Allen and E.A. Taylor, 
is based on the fact that salt in solution increases the electrical conduct-
ivity of water (U.S.D.L Bureau of Reclamation, 1981). A quantity of 
electrolyte is introduced into the stream at a point xo' Its time of 
passage between two downstream points, distances x = xl and x = x 2 from the 
injection point, is monitored by conductivity meters attached to electrodes 
placed in the flow. 
As soon as the solution is introduced into the channel, it will 
begin to diffuse about its centre of concentration under the influence of 
turbulence and velocity gradients so that at downstream points, a solution 
wave of finite length will be detected. The increments of conductivity 
C(t), over the initial or 'background' conductivity C(o) of the natural 
stream water will be proportional to the concentration of solution present 
at location x and time t, C(x,t) (Church and Kellerhals, 1970). The mean 
velocity of all 'marked' particles corresponds to the mean stream velocity 
if the tracer is well distributed laterally (Day, 1977). The mean velocity 
of a tracer cloud, and thus of the natural stream, is therefore measured by 
the centroid x of the C(X) curve observed at a given time t. In practice, 
one observes C(t) for two given locations Xl and x 2 . 
mean travel time is 
co 
tl f Cl (t) dt 
0: 
<Xl 
f Cl (t) dt 
"" 
t 
At location Xl' the 
... 3-1 
where tl corresponds to the centroid of C(t) at xl. 
method. 
The mean velocity between points xl and x3 is 
v 
m 
... 3-2 
(Church and Kellerhals, 1970) 
Church and Kellerhals (1970) give several assumptions for the 
(a) The volume of int~oduced solution is small, so that an 
uncharacteristic surge is not produced in the flow. 
(b) The introduced solution has dispersed uniformly across the 
channel section before reaching xl' so that th~ propagation of the solution 
downstream is truly representative of the stream's mean velocity. 
(c) The measuring electrodes must be so placed in the channel that 
a representative set of measurements of conductivity for determining mean 
velocity can be obtained. 
The difficulty in applying the method to steep natural channels 
occurs because these channels are irregular with many zones of back water 
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or dead water where there is no net downstream flow. When marked particles 
enter these zones, they are observed to be trapped for considerable periods 
of time before they are released and re-entrained in the flow. This 
temporary storage has a significant effect on longitudinal dispersion, pro-
viding a tail with a low concentration of tracer particles for a consider-
able distance downstream (Sabol and Nordin, 1978). 
The effec~ of dead zones was especially important in the series of 
tests performed with the artificial steps in the channel. However, some 
observations may be made on dispersion of tracer clouds in this situation. 
As the cloud moves along the channel, tracer particles periodically enter 
dead zones. If the tracer cloud were allowed sufficient time in anyone 
locality, the solute masses in the flow zone and dead zone(s} would be in 
direct proportion to the respective zone volumes (Valentine and Wood, 1977). 
This would result in the mean velocity of the cloud U being a constant 
m 
proportion of the mean discharge velocity. 
i.e. 
where y n 
and h' 
U 
m [ Yn } x mean discharge velocity 
+ 1: h'l Yn <, 
normal depth of flow 
proportion of the bed covered by dead zones 
depth of dead zones. 
(Valentine and Wood, 1979) 
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In the tests described herein, while dead zones were often of the 
same order of magnitude as the flow zone, insufficient time elapsed to 
allow this proportionality to be established. Thus, with less tracer 
removed from the flow zone, the velocity given by the centroids of the con-
ductivity curves was more representative of the mean velocity of the flow 
zone than indicated by equation 3-3. Further, in the analysis used to 
dete'rmine average velocities (see Appendix 1), the effect of the long tail 
caused by the slow release of tracer from dead zones was reduced by eliminat-
ing it from calculation of the conductivity curve centroid (fig. 3-12). 
This again reduced the influence of dead zones in calculating the mean flow 
zone velocity. 
ion. 
Another approximation made was that of the 'frozen cloud' assumpt-
The approximation is based on the assumption that during the passage 
of the tracer cloud past the probe, it does not disperse. This has been 
shown to be acceptable in its effect on accuracy of results (Valentine and 
Wood, 1979). In the context of the tests reported herein, the effect of 
this assumption is minor compared to other assumptions used in the analysis 
of mean velocity. 
For the tests described herein, about 10 ml of salt solution or 
hydrochloric acid was used as'the tracer for each run. Because such a small 
volume of tracer was used, an uncharacteristic surge was not generated in 
the flow. 
Thus, the velocities calculated from the centroids of conductivity 
curves are held to be reasonably accurate approximations of the mean stream 
flow velocity for idealised step-pool systems. 
Calkins and Dunne (1970), using the salt-velocity method in small 
mountain streams, found the velocity obtained by this technique to give a 
better representation of average stream velocity than that computed by the 
continuity equation at 3 channel cross sections. 
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Maximum velocities were calculated by measuring the distance 
between the initial rise of the upstream and downstream conductivity curve 
traces. This distance was assumed to correspond to the fastest time t 
taken by tracer particles (and thus water particles) between the probe stat-
ions. Maximum velocity was thus calculated by dividing the distance 
between the probe stations by t. 
The equipment used in the tests is shown in fig. 3-13. The probes 
were pairs of one inch wide strips of sheet aluminium bonded to the side of 
the channel. These were insulated from the metal construction of the 
channel. Conductivity readings were relayed through a dual channel conduct-
ivity meter to a two-channel chart recorder, which traced out the changing 
conductivity values on a moving sheet of paper. The resultant curves were 
used in the analysis of mean flow velocities (Appendix 1) . The use and 
potential of this particular apparatus in the laboratory environment has 
been considered by Davies and Jaggi (1981). They noted that the accuracy 
of the technique was very high, and limited mainly by the accuracy of 
analysis of the time-conductivity curves. Like Davies and Jaggi (1981), 
the writer measured flow independently and was thus able to estimate a 
value of mean depth, allowing calculation of channel resistance to flow. 
Figure 3-13: Conductivity measurement apparatus. 
CHAPTER FOUR 
THE ORIGIN OF STEP-POOL SYSTEMS IN MOUNTAIN STREAMS 
4.1 COMMENT 
The tests reported in this chapter were performed under the 
supervision of Mr. M.N.R. Jaggi,who conceived the idea of a dual anti-
dune armouring formative process. The results corresponding to initial 
conditions found in table 4-1 were calculated by him. All other work 
is that of the writer. This work 'On the Origin of Step-pool Systems' 
by J.G. Whittaker and M.N.R. Jaggi has been accepted for publication 
by the Journal of the Hydraulics Division, A.S.C.E. A copy of the sub-
mitted manuscript of the paper is in Appendix 2. 
4.2 INTRODUCTION 
Any theory attempting to explain the origin of step-pool systems 
must take into account that they are disequilibrium bedforms in the 
sense proposed by Allen (1976) and Middleton and Southard (1975). The 
structures are not created by the low flows which give the visual step-
pool appearance since these are not capable of moving the rocks forming 
the steps. Rather, their formation is associated with flow conditions 
., 
during high-'intensity, low frequency flood events (Leopold and Maddock, 
1953; Judd and Peterson, 1969; Kellerhals, 1970). 
A necessary condition for step-pool formation is heterogeneity 
of bed material size (Leopold et al, 1964).· Such material may be de-
rived from a variety of sources, for example weathering of steep cliffs, 
glacial deposits (Miller, 1958; Kellerhals, 1970), or tributary streams 
(Graf, 1979), as well as that transported from upstream. Thus both the 
material size and its source are independent variables (similarly for 
steps formed by fallen logs). This coarse material is restructured into 
an armoured or paved step-pool pattern. Step-pool formation may also 
be affected by the influence of past and present climatic/hydrologic 
regimes. Some mountain streams investigated have, in the past, been 
subjected to much higher flows than those experienced at present. How-
ever, apparently immovable bed material such as that reported by Miller 
38 
(1958) may still be capable of responding to a low-interval flood. 
Hence, it can be seen that step-pool systems are not generally in 
equilibrium with 'normal' flow conditions. In this context, some 
existing theories of step-pool origin will now be examined. 
4.3 SOME THEORIES ON THE ORIGIN OF STEP-POOL SYSTEMS 
4.3.1 The Antidune Theory 
Step-pool sequences in steep cobble or boulder channels have 
been considered to be generically similar to transverse ribs, which are 
commonly found on the riffle portion of much flatter, shallow gravel 
channels in environments such as glacial outwash fans (McDonald and 
Banerjee, 1971; Church and Gilbert, 1975). Many authors consider these 
transverse ribs to be relict antidunes (Boothroyd, 1970; Boothroyd and 
Ashley, 19751 Church and Gilbert, 1975; Gustavson, 1974; Koster, 1978). 
Shaw and Kellerhals (1977) found a striking similarity between gravel 
bedforms in the field and gravel antidunes developed in the laboratory. 
Boothroyd and Ashley (1975) cited the laboratory results of Fahnestock 
and Haushild (1972) to support the idea that transverse ribs are a form 
of antidune in a gravel-sand mixture. 
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The difficulty in equating transverse ribs (and thus steps) with 
antidunes lies not in the validity of the proposal (Whittaker and Jaggi, 
in press), but in the mechanisms proposed to explain the formation of 
transverse ribs by antidunes. Antidunes are formed in association with 
a standing wave, where the waveform of the bed is in phase with the form 
of the water surface (Kennedy, 1961). Transverse ribs on outwash areas 
are reported to have formed when material introduced locally generated 
an accompanying surface wave (Koster, 1978). This introduced material 
is atypical of the bed material and so the bed forms are not true anti-
dunes as proposed by Kennedy (1961). The mechanism proposed by Koster 
(1978) involves growth of a ribbed sequence proceeding upstream in res-
ponse to a water disturbance migrating upstream in discrete steps. 
According to Kennedy (1961), however, an antidune wavetrain propagates 
downstream, regardless of the directio~ of movement of the antidunes. 
A variation on this theme is a mechanism proposed by McDonald 
and Day (1978) in which transverse ribs are formed by a process where 
a hydraulic jump travels upstream in an episodic fashion. Pebbles 
accumulate just downstream of the hydraulic jump during the intervals 
when it is stationary. However, supercritical flow rarely occurs in 
regions where transverse ribs formi indeed if ever in the large bed 
element channels described by Judd and Peterson (1969). As pointed 
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out by McDonald and Day (1978), it is difficult to transfer their forma-
tive mechanism to natural channels, and it has never been reported in 
the field literature. 
The environment in which steps occur differs from the glacial 
outwash areas where transverse ribs are commonly found, in that the 
areas between steps do not exhibit a totally different bed material to 
that composing the steps. By contrast, inter-rib areas do tend to ex-
hibit a totally different bed material to that composing the ribs. How-
ever, the gravel antidunes of Shaw and Kellerhals (1977) provide a 
reasonable explanation for transverse rib formation. But, as will be 
demonstrated, only step features at lower slopes are fully so explained. 
Whittaker and Jaggi (in press) show that armouring or paving is also 
involved in the formation of step-pool systems. 
4.3.2 The Dispersion and Sorting Theory 
Yang (1971) developed a theory that riffle-pool sequences occur 
because ' .. natural streams minimise their time rate of potential energy 
expenditure per unit mass of water in accordance with the law of least 
time rate of energy expenditure'. Yang further suggested that in riffles, 
where the local energy gradient is higher than average, there would be a 
high rate of shearing of bed material with flood flows. Bed elevation 
would consequently increase with migration of coarse material to the 
surface due to a grain dispersion process reported by Bagnold (1954). 
Recognising the continuum of bed forms (Leopold and Wolman, 1958) 
from riffle-pool sequences to step-pool systems, Yang's theory is limi-
ted to the step-pool sequences at slopes less than about 5%, where, as 
for riffle-pool sequences, bed material is in motion at moderate flood 
flows. But to achieve the dispersion reported by Bagnold (1954), the 
whole bed would have to experience shearing motion to a considerable 
depth. This would occur only under debris flow conditions. 
Similarly, shearing and dispersion of bed material at higher 
slopes only occurs for debris flows, as shown by Takahashi (1978) and 
Mizuyama (1981). At such higher slopes, these may provide the deposits 
in which new step-pool systems can form, but they obliterate any existing 
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structures. 
4.3.3 The Velocity (or Shear Stress) Reversal Theory 
This theory, although developed for riffles and pools, can be 
applied to the riffle-step and pool sections of mountain streams (i.e. 
gradients less than about 5%). Keller (1971) measured bottom velocities 
in pools and riffles for different discharges. He reported that with 
increasing-discharge, there was a greater increase of bottom velocity 
in the pools than in the riffles. He concluded from extrapolation of 
this data that at high flows, bottom velocities in pools would exceed 
those over riffles (hence the so-called 'velocity reversal'). This 
reversal would supposedly then move coarse grains quickly from a riffle, 
through the subsequent pool, to be deposited in the next riffle, thus 
maintaining these features. 
There is no evidence that this reversal actually occurs. The data 
used does not show a velocity reversal, only a velocity equalisation. 
The reversal of mean velocity (Andrews, 1977) reported by Lisle (1979), 
rests on defining a riffle and pool as a depositing or scouring section 
respectively, rather than as the actual morphological features. with 
armour layer disruption, this definition may be incorrect. 
Lisle (1979) found that a reversal of mean bed shear stress 
occurred. Mean bed shear stress was defined as 
where y 
R 
and J 
T 
m 
yRJ 
specific weight of water 
hydraulic radius 
water surface slope. 
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The reversal occurred when, as flow increased to about bankfull 
stage, the depth of flow in the pool stayed greater than that over the 
riffle, while the water surface slope values for riffle and pool con-
verged. One source of doubt as to whether Lisles' measurements are 
truly representative is that the pool and riffle sections were separa-
ted by a kilometer of channel length. 
In phase 1 transport, where bedload moves over a stable armoured 
bed (see section 2-4), such a shear stress situation easily explains 
movement of sediment stored in pools (as noted by Silverston and Laursen, 
1976). Lisle hypothesised that with phase 11 transport, where flow 
disrupts the armoured bed layer adding bed material to the existing 
bedload, riffles erode preferentially with subsequent movement of 
sediment through the pool to the next riffle. An alternative explana-
tion is that when the armour layer is destroyed, and bed material over 
the whole bed is available for transport, a selective portion may be 
moved preferentially (Bagnold, 1968). Bagnold showed that bedload 
derived from bed material had a narrower size distribution than the 
bed stock. Excesses of both fine and coarse material were left on the 
bed. Given these circumstances, the riffle-pool structures would essen-
tially be left intact. The preferentially eroded size is about 4 mm 
(Bagnold, 1980), which could explain the absence of comparable sediment 
sizes commented on by Lisle. 
It must be noted that both Keller's and Lisle's hypotheses ex-
plain only the maintenance of pre-existing riffle-pool sequences. 
As with the dispersion theory of Yang (1971), the reversal 
theories do not apply to·step-pool structures on slopes greater than 
about 5%. For these higher slopes, very high flows in the Torlesse 
stream were observed by the writer to form large standing waves, rather 
than the water surface slope equalisation noted for riffle-pool gravel 
rivers. Judd and Peterson (1969) hypothesised such waves for step for-
mation in large bed element channels. 
4.4 TESTS 
Tests were performed to clarify the formative processes of step-
pool sequences. Bed deformation and grain sorting processes were expec-
ted to occur under appropriate flow conditions. It was throught that 
either or both tendencies would eventually stabilise the bed for flows 
capable of deforming an initially plane bed. 
4.4.1 Test Procedure 
The laboratory tests were performed in a tilting, re-circulating 
channel, 10 m long, 0.132 m wide and 0.6 m deep. A graded sediment 
ranging between 2 mm and 50 mm in size (fig. 4-5) initially arranged 
as a plane bed had a sediment-moving discharge passed over it. No 
sediment was fed at the upstream end of the flume; thus parallel and 
rotational degradation occurred as the bed was eroded. Tests were 
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performed at slopes ranging from 0.027 to 0.248. Because of the steep 
slopes used, the change in slope associated with rotational degradation 
was,where it occurred and the bed also stabilised, comparatively small. 
For most of the selected discharges the bed achieved a stable condition 
(i.e. sediment motion ceased) . 
In many of the test runs stabilisation was associated with in-
creased resistance to flow. This increase was due to an increase in 
form resistance as well as paving of the bed. To estimate resistance 
to flow, measurements of average flow velocity were made, using the 
salt-velocity technique (see section 3-5) . 
When the bed had stabilised under the deforming flow, to what 
are subsequently referred to as final conditions, the discharge was 
reduced to study the low flow appearance of the bed. This allowed a 
visual comparison with the field situation, commensurate with the dis-
equilibrium concept mentioned above. 
At the completion of each run, the longitudinal profile of the 
bed was measured. Bed armouring was seen to be a significant factor, 
so areal bed samples were taken. A portion of the bed surface was 
sprayed with paint, the painted stones were removed by hand, and a 
sieve analysis of these stones was performed. The area sampled exten-
ded over at least one bedform, and therefore represents an average and 
not a local grain size distribution. 
Discharge measurements were made with a calibrated orifice plate 
inserted in the return pipe. A summary of experimental data is found 
in table 4-1. 
4.5 EXPERIMENTAL OBSERVATIONS 
within the range of slopes (2.5% to 25%) for which experimental 
flume runs were performed, two clearly defined cases were observed. 
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At lower s10pes, for relatively high flow rates, antidunes formed 
which were similar to those reported by Shaw and Kellerhals (1977) 
(fig. 4-1). As the flow rate was subsequently reduced, a hydraulic 
jump formed in the existing trough region. The visual impression at 
a low flow rate was more that of a riffle-pool sequence (fig. 4-2), 
although the wavelength was clearly determined by that of the original 
antidunes. Fig. 4-3(a) illustrates conceptually a run with a progression 
from bed forming flow to a low flow. 
Figure 4-1: Gravel antidunes. 
Figure 4-2: Riffle-pool aspect at lower than 
formative flow rate. 
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Figure 4-3Ca): Conceptualisation of progression from antidune flow to 
the tumbling flow of a step-pool system. 
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Figure 4-3Cb}: Conceptualisation of progression from rough flow to 
the tumbling flow of a step-pool system. 
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At higher slopes and smaller flows, the coarser grains had a 
considerable effect on the bed deforming process. The flow initially 
formed regular antidune wavetrains, but with some, degradation the flow 
pattern subsequently developed increasingly in response to the (random) 
location of larger individual roughness elements. These larger elements 
anchored some of the waves, preventing migration. Some of the 'steps' 
so formed occasionally broke down, setting in motion a short-lived 
'slug' of sediment. At a low flow rate, relative to the deforming flow, 
the flow pattern closely resembled step-pool sequences as seen in nat-
ural situations (see fig. 4-3(b); this figure was prepared from a video 
recording of a run) • 
The transition slope between the two above cases was about 0.075. 
4.6 RESULTS 
The main results of the tests are listed in table 4-1. A side-
wall correction procedure, for estimating friction losses, was applied 
after Gessler (1965). 
From the test results the friction factor f , the mean bed shear 
u 
stress T , and the hydraulic radius with respect to the bed R , were 
m u 
calculated. For a comparison of the results f , h , and R values were 
000 
computed for the plane bed case at the beginning of the tests. Because 
of the rapid initial bed deformation, it was not possible to measure 
these parameters. Thus, for computation of resistance to flow in this 
case, the Keulegan logarithmic resistance law was used. The occurrence 
of wake interference losses in the lee of larger roughness elements 
necessitated the use of a roughness height of 3.5 084 in the Keulegan 
formula (Hey, 1979). Thompson and Campbell (1979), noting this blocking 
effect, have suggested k = 4.5 o where 0 is the median boulder diameter. 
s 
Because of the high gradients in the tests, sina was used for the 
energy slope instead of tand (Scheuerlein, 1973). 
4.6.1 Grain Sorting Effects 
In widely graded materials, the flow causes grain sorting. In 
theory this leaves a coarser top layer by preferentially eroding more 
of the finer material sizes than the coarser. Gessler (1965, 1970) 
approached the problem from a probabLlistic perspective. For every grain 
TABLE 4-1 RESULTS OF TESTS ON THE FORMATION OF STEPS AND POOLS 
f 
SLOPE U RUN QDU v h R f T F h R f F -(SINa) U U U U m U 0 0 0 0 f 
0 
1 0.098 0.0039 0.423 0.070 0.069 2.94 65.84 0.663 0.038 0.037 0.52 1.650 5.65 
2 0.098 0.0041 0.439 0.071 0.070 2.77 66.72 0.683 0.040 0.039 0.49 1.606 5.65 
3 0.098 0.0045 0.411 0.083 0.082 3.70 78.12 0.592 0.042 0.040 0.47 1.639 7.87 
4 0.098 0.0054 0.447 0.091 0.089 3.42 85.48 0.614 0.046 0.044 0.42 1. 715 8.14 
5 0.085 0.0062 0.477 0.098 0.096 2.80 79.60 0.631 0.049 0.047 0.39 1. 776 7.18 
/f.>< 
1..167 7 0.163· 0.0010 0.513 0.015 0.015 0.71 23.20 1.829 0.020 0.020 1.45 0.49 
8 0.172· 0.0008 0.622 0.010 0.010 0.34 16.32 2.719 0.018 0.017 1.94 1.102 0.17 
-
10 0.238 0.0004 0.459 0.007 0.006 0.60 15.75 2.477 0.013 0.013 4.57 0.922 0.13 
11 0.022 0.0148 0.887 0.126 0.106 0.23 22.91 0.971 0.098 0.077 0.10 1.407 2.33 
12 0.025 0.0182 1. 274 0.108 0.083 0.10 20.24 1.505 0.108 0.082 0.10 1.503 1.02 
14 NO UNDERFLOW VALUES TAKEN FOR THIS SLOPE 
15 0.168 0.0012 0.398 0.023 0.023 1.87 37.00 1.145 0.019 0.018 1.13 1.512 1.66 
16 0.241 0.0008 0.231 0.026 0.026 8.93 59.54 0.647 0.015 0.015 1.87 1.489 4.78 
17 0.025 0.0147 1.228 0.091 0.071 0.09 17.32 1.581 0.094 0.074 0.10 1.495 0.89 
18 0.026 0.0118 1.057 0.084 0.069 0.13 17.65 1.416 0.081 0.066 0.11 1.502 1.15 
there is a probability q of remaining in the top layer, where q is a 
function of the flow conditions. If p is the grain-size distribution 
curve for the original material, then 
dPa s: dp •• .4-2 1 
f q dp 
0 
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defines the grain-size distribution of the resultant top layer. Further, 
an average probability q is defined (Gessler, 1970) where 
1 
q = J q dPa 
o 
••. 4-3 
If this value exceeds 0.5, then a stable top layer can be formed. 
The analysis (after Gessler, 1965) for predicting the armoured or paved 
top layer was applied to a sample of the original material used in the 
tests (see Appendix 3). Results are shown in fig. 4-4(a) to (£), com-
pared with the corresponding measured top layer. Table 4-2 lists the 
values of q corresponding to initial conditions. For slopes greater 
than 0.075, all values of q are far lower than the limit of 0.5 given 
for bed stabilisation. 
TABLE 4-2 BED ARMOURING STABILITY COEFFICIENT 
-Run No. q 
(1) ( 2) 
1 0.240 
2 0.238 
3 0.145 
4 0.174 
5 0.183 
7 0.213 
8 0.224 
10 0.183 
11 0.495 
12 0.492 
17 0.430 
18 0.458 
The effect of the sampling procedure and corresponding correc-
tion procedures have been discussed by Kellerhals and Bray (1971), and 
later by Proffit and Sutherland (1980). In fig. 4-5(a) to (£) the 
measured armour or pavement grain size distribution curves (areal sam-
pling) are modified to allow comparison with the original bed material 
curve (volume sampling). 
4.6.2 Wavelength of Observed Bedforms 
Kennedy (1961, 1963) developed an analysis of antidune bedforms, 
which related the Froude number F of the flow to the wave number k 
(k = ~n, where L is the wavelength of the bedform) and the flow depth 
h. He found that the region for possible antidune formation is deline-
ated by equations for maximum and minimum Froude numbers F and F 
m a 
respectively. These two defining envelopes are shown in fig. 4-6, with 
the appropriate region shown bounded by ABC. 
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The experimental values of the bed wavelength L were calculated 
from a zero-crossings analysis of the measured longitudinal bed profile. 
Photographs of runs taken at slopes less than 0.075 gave wavelengths 
that were a little different from those indicated by a zero-crossings 
analysis; the rough sediment profile yielded more zero-crossings than 
the fluid flow pattern showed. Both values of wavelength are shown in 
table 4-3. Using the value h (the computed flow depth at the beginning 
o 
of the tests) for the determination of F and k, results were obtained 
as shown in fig. 4~6. The points (except for run 10) lie close to the 
region of antidune formation. 
When the value h is used (together with the corresponding 
u 
d ) . l' f kh 2nh . f Frou e number Fu ~n the p ott~ng 0 F versus . = -r;-' the po~nts or 
runs 1 to 5, 11, 12, 17 and 18 fall outside (although reasonably close 
to) the antidune region (fig. 4-6). 
The points for runs 7, 8, 10, 15 and 16 lie in the region of 
antidune formation. This confirms the observation that regular anti-
dune wavetrains formed at slopes greater than 0.075. Further, despite 
modification by the presence of larger individual roughness elements, 
the computed values of kh indicate that-the final condition bedforms 
still correspond to antidunes. 
Proude numbers were calculated from the formula 
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TABLE 4-3 WAVELENGTH OF BEDFORMS 
Wavelength in meters Standard 
Run no. deviation 
average max. min. in meters 
(1) ( 2) ( 3) (4) (5) 
1 0.171 0.497 0.045 0.104 
2 0.169 0.640 0.049 0.119 
3 0.227 0.814 0.038 0.163 
4 0.247 0.903 0.082 0.170 
5 0.258 0.618 0.049 0.134 
6 unstable conditions 
7 0.225 0.759 0.065 0.169 
8 0.239 ~ 0.686 0.091 0.153 
9 unst Ie conditions 
10 0.272 0.700 0.061 0.186 
(0.585) 
11 0.402 1.026 0.120 0.248 
(1. 091) 
12 0.502 1.062 0.110 0.268 
13 unstable conqitions 
(0.632) 
14 0.416 0.979 0.104 0.255 
15 0.286 1.107 0.084 0.236 
16 Longitudinal profile not measured 
(0.642) 
17 0.433 1.215 0.124 0.299 
(0.546) 
18 0.457 1.352 0.188 0.280 
(figures in brackets based on photographs) 
F 
v 
u 
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which allows for steep slope effects. The cor iolis coefficient a' was 
determined from the mean of values given by the equations of Obrazosvskiy 
and Morozov (Golubtsov, 1976). In fig. 4-6, points corresponding to 
the final depth h were plotted only if there was a substantial differ-
u 
erence from the values determined for the initial depth h f 
o 
4.6.3 steepness of Observed Bedforms 
Bedforms are not only characterised by their wavelength, but also 
by their steepness, i.e. the ratio of their height to their wavelength. 
In a more general way this value has been called roughness spacing or 
concentration when considering isolated roughness elements and their 
concentration on the bed (Rouse, 1965). 
For the tests performed, each maximum height between successive 
upward zero-crossings was divided by the distance between the same up-
ward zero-crossings, and the mean of the resultant steepness values 
taken to give the results shown in table 4-4. The steepness values have 
been designated e, where e was used by Sutherland and Williman (1977) for 
effective roughness concentration. 
4.6.4 Resistance to Flow 
During formation of step-pool systems (as simulated by these 
tests), bedform generation and grain sorting tended to increase resis-
tance to flow for most runs. The grain sorting resulted in an armoured 
or paved stable bed, with larger grains acting as isolated roughness 
elements. fThe increase in resistance to flow can be characterised by 
u 
the ratio~. Values of the ratio are listed in table 4-1. 
o 
The tests with low slope and high discharge showed no appreciable 
change in resistance. For runs 7, 8 and 10 (which corre~pond to the 
lowest flow(s) at slopes 0.172 and 0.248) the values of fU indicate that 
resistance to flow decreased from initial to final condit~ons. However, 
other runs for slopes of 0.098, 0.172 and 0.248 all indicate that resis-
tance to flow increased from initial to final conditions. 
After the bed had been modified by the bed forming flow, the flow 
rate was reduced to a series of low flows that visually produced the 
tumbling flow pattern. Friction factors for these reduced flows are 
given in table 4-5. 
TABLE 4-4 ROUGHNESS SPACING 
Roughness spacing e Standard 
Run no. deviation 
average max. min. 
(1) ( 2) (3) (4) (5) 
~ 
1 0.146 0.436 0.031 0.074 
2 0.138 0.311 0.040 0.078 
3 0.118 0.288 0.031 0.068 
4 0.126 0.217 0.086 0.051 
5 0.100 0.190 0.011 0.039 
6 unstable conditions 
7 0.149 0.335 0.040 0.063 
8 0.129 0.250 0.045 0.057 
9 unstable conditions 
10 0.130 0.356 0.039 0.071 
11 0.065 0.136 0.022 0.030 
12 0.046 0.087 0.022 0.019 
13 unstable conditions 
14 0.051 0.125 0.012 0.027 
15 0.127 0.293 0.036 0.063 
16 Longitudinal profile not measured 
17 0.052 0.141 0.020 0.029 
18 0.055. 0.116 0.017 0.023 
------------~.~-
RUN LOW FLOW 
1 A 
B 
C 
2 A 
B 
C 
3 A 
B 
C 
4 B 
C 
5 A 
B 
7 A 
B 
TABLE 4-5 VALUES OF VELOCITY AND FRICTION FACTOR FOR DISCHARGE 
LESS THAN FORMATIVE DISCHARGES 
Q f RUN LOW QU (m3Js) V U U FLOW 
0.00165 0.144 31.99 8 A 0.00037 
0.00222 0.187 19.59 10 A 0.00009 
0.00122 0.090 96.20 11 A 0.00121 
0.00325 0.283 8.23 15 A 0.00037 
0.00263 0.227 12.98 17 A 0.00085 
0.00175 0.126 50.47 18 A 0.00163 
0.00306 0.257 10.34 
0.00260 0.205 17.38 
0.00175 0.095 117.64 
0.00267 0.137 59.74 
0.00188 0.125 55.67 
0.00332 0.274 7.97 
0.00267 0.136 53.34 
0.00058 0.397 0.872 
0.00033 0.384 0.593 
V f 
U U 
0.287 1.60 
0.842 0.025 
0.220 1.46 
0.212 3.75 
0.201 1.53 
0.289 1.02 
.. 
4.7 DISCUSSION OF RESULTS 
4.7.1 Grain Sorting Effects 
Fig. 4-4(i) to (~) shows the results for runs 11, 12, 17 and 
18. It can be seen that Gessler's (1965) method of analysis predicted 
a top layer grain size distribution coarser than that measured. The 
predicted distributions for initial and final conditions are virtually 
identical because there was very little change in shear st~ess over the 
duration of the bed shaping process. Despite the discrepancy between 
the measured and predicted distributions, the observed stabilisation 
of the bed is in agreement with Gessler's prediction, since the values 
of q are close to his theoretical value for stability of 0.5. 
On correcting the measured armour layer to enable comparison 
with the original bed material using the Proffitt and Sutherland (1980) 
correction (Kellerhals and Bray's (1971) correction over-compensates) , 
it is apparent that insignificant coarsening had occurred (see fig. 
4.5(i) to (~)). For these runs (which were all at slope = 0.027), the 
action of the flow on the bed surface consists of a rearrangement of the 
bed material, rather than a coarsening. The bed surface is thus armou-
red as defined by Bray and Church (1980). This suggestion is supported 
by the very low bedload transport rates that occurred. 
For the other test runs (all at slopes greater than 0.075) , 
fig. 4-4(a) to (h) shows that there is reasonably good correlation be-
tween the measured and predicted bed surface grain distributions. That 
there is little difference between the distributions predicted for initial 
or final conditions shows that Gessler's (1965) method is, for these 
tests, reasonably insensitive to changes in shear stress. The distri-
butions calculated from initial conditions tend to give better corre-
lation with the measured distributions. The plots of runs 1 and 2 
(Fig. 4-4(a) and (b) respectively) appear to contradict this, but the 
contradiction is in fact due to the omission of coarser sieve sizes in 
the grain size distribution analysis for these runs. Fig. 4-5(a) to (h) 
shows that coarsening occurred for most of these runs. Thus, at slopes 
greater than 0.075, the action o·f the flow has caused the bed surface to 
become paved (as defined by Bray and Church! 1980). 
However, the q values in table 4-2 indicate that stability 
should not have occurred for these runs at higher slopes. That the 
beds did stabilise is in part due to the increase in resistance that 
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Figure 4-4: Plot of measured and predicted armour layer distributions. 
::>1 
Figure 4-4: (continued ..... ) 
Figure 4-5: Plot of original material distribution compared with 
corrected measured armour layer distribution. 
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Figure 4-5: (Continued .... ) 
accompanied the paving (see section 4.7.4). A further factor not 
accounted for in Gessler's analysis, is that for the small flow depths 
occurring in these runs, there is an increase in the critical shear 
stress required for incipient motion of each grain. This increase in 
the critical value of Shield's parameter can be as much as 250% (Ashida 
and Bayazit, 1973). 
4.7.2 Wavelength of Observed Bedforms 
bU 
In the tests reported herein, it was observed that the bedforms 
developed quickly in response to the imposed flow. It was then assumed 
that the wavelength measured at final conditions reflected the wavelength 
existing at initial conditions. The large bed elements modified the bed 
waves during the duration of the tests by affecting their steepness 
through locally anchoring material rather than by distoring their wave-
length. By using the final wavelength in this way as an indicator of 
the initial wavelength, it can be seen from fig. 4-6 that the bedforms 
at the beginning of each test run were antidunes (the point for run 10 
being the only point that does not lie close to the region of antidune 
formation). For runs at slope 0.027, antidunes occurred. The points 
in fig. 4-6 for these tests (runs 11, 12, 17 and 18) corresponding to 
initial and final conditions lie to the right of the region of antidune 
formation. However, when the wavelengths from the photographs are used, 
the points lie much closer. Within the precision of measurement, these 
bed waves conformed to the equations of Kennedy (1961, 1963). 
The points corresponding9 to final conditions for the tests at 
slopes 0.098, 0.172 and 0.248 (i.e. runs 1 to 5, 7, 8, 10, and 15) lie 
close to or in the region of antidune formation. Thus, although the 
bed waves were modified in appearance by the larger bed elements, they 
still conformed to the equations of Kennedy (1961, 1963) for antidunes. 
4.7.3 Steepness of Observed Bedforms 
An ideal steepness, corresponding to a local maximum of the 
resistance coefficient (Davies and Sutherland, 1980), has been reported 
for artificial roughness elements and lower regime bedforms (Davies, 
1980; Rouse, 1965; Yalin, 1977 pp. 269-271). Upper regime bedforms 
i.e. antidunes, tend to a steepness that lies within the range given 
by Rouse (1965) as corresponding to a maximum of resistance for arti-
ficial roughness elements, but this steepness is only temporarily 
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achieved when the surface waves are on the point of breaking, i.e.'at 
e = 0.142. At this point the antidunes break and wash out. The ideal 
, 
steepness is reached cyclically, and usually only occurs over a portion 
of the bed. The mean steepness of antidunes thus tends to be less 
than the 'ideal' value,. In line with this, for runs II, 12, 17 and 18 
where 'classic' antidunes formed, the average e value lies well out-
side the range given by Rouse (1965) as corresponding to the maximum 
roughness effect of many roughness forms. A photograph o~ an individual 
breaki~g antidune in run 14 showed a value of e = 0.151, close to the 
theoretical maximum of e = 0.142. Thus, for these runs, the e values 
reflect an average condition where some of the bed is essentially plane, 
and some of it will have antidunes of maximum amplitude or less. 
For an armoured or paved surface, Sutherland and Williman (1977) 
found a tendency toward an ideal steepness. They used a zero crossings 
analysis to define element size (height) as the maximum difference in 
elevation between successive upward zero-crossings. The mean height of 
all elements is a measure of the effective roughness size of the sur-
face. Mean steepness was referred to by Sutherland and Williman (1977) 
as effective roughness concentration e. The average e value for runs 
1 to 5, 7, 8, 10 and 15 was 0.127. This is lower than the mean value 
of 0.19 obtained by Sutherland and Williman (1977). However, the maxi-
mum steepness for long square roughness elements and rectangular bar 
roughness elements occurs at a roughness concentration of just less 
than 0.1 and just greater than 0.1 respectively (Koloseus and Davidson, 
1966b) • The bedforms of these test runs could be considered to resemble 
rectangular elements. The e value of 0.127 then reflects a compromise 
between the value of 0.1 due to the bedforms and the value of about 0.2 
reported to characterise an armoured or paved surface. Judd and Peterson 
(1969) noted that the high gradient, rough channels they investigated 
tended to give a maximum resistance to flow at e = 0.1 They also sugges-
ted that a compromise of e values corresponding to different roughness 
element shapes would give a truer reflection of reality. 
4.7.4 Resistance to Flow 
The values of the Darcy-Weisoach friction factor f found in 
the above tests after stabilisation are extremely high. However, they 
are similar to values obtained by other researchers for flow in similar 
channels, as reported by Scheuerlein (1973). 
For runs 11, 12, 17 and 18, armouring of the bed surface occurred, 
i.e. the bed surface did not coarsen. f values for initial and final 
conditions indicate that the antidunes did not increase resistance to 
flow. 
The values of 
f 
u 
f for runs 1 to 5, 15 and 16 indicate that the 
resistance to flow of ~he bed increased over the duration of the tests. 
This increase in resistance was caused by paving, which coarsened the 
bed surface grain size distribution. Runs 1 to 5 also showfthat as flow 
. fu . 
lncreases, ~ lncreases. That is, the final bed condition relative to 
the initial ged condition offers proportionally more resistance to flow 
as discharge increases. Howev£r, paving also occurred for runs 7, 8 
and 10, whereas the values of fU indicate that the paved bed offered 
o ' 
less resistance to flow than the plane bed under initial conditions. 
This is even more puzzling in that the formula of Hey (1979) tends to 
underestimate the friction factor at very small flow depths (MacMurray, 
in prep). This inconsistency is considered to be caused by the fact 
that underflow comprised the bulk of the total flow for these runs 
(note that the flow values given in table 4-1 are for total flow minus 
underflow). Thus the velocity derived for the surface flow (obtained 
by correcting the salt velocity for the slower underflow component; see 
comment in Appendix 2) is possibly a little inaccurate. The trend given 
fu 
by runs 7 and 8, however, is correct in that with increasing flow 
fo 
increases. 
4.8 CONCLUSIONS 
It has been possible to simulate, in a laboratory flume, a bed 
shaping process which, after flow reduction, resulted in step-pool 
sequences resembling those found in mountain streams. On the basis of 
these simulations, it is postulated that the step-pool structures in 
the bed of a mountain stream are generated during high flows and not 
by the low flows which give them the step-pool appearance. Thus, under 
usual flow conditions, the channel bed of steep mountain streams can be 
seen as being extremely stable. 
The deforming process leading from an initially plane bed to 
step-pool formation is basically the same process as that which produces 
antidunes. At slopes less than 0.075 'classic' antidunes formed, and 
armouring of the bed surface occurred for all flows. At slopes greater 
than 0.075, paving of the bed occurred in conjunction with bedforms 
that conformed to equations describing antidunes. The paving was 
associated with an increase in resistance to flow. 
Thus the formation of step-pool structures involves a combin-
ation of antidune and armour layer (or paved layer) formation. Values 
of steepness of the bedforms tend to suggest that the deformations are 
those which give a maximum value of resistance coefficient. 
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CHAPTER FIVE 
'- ) 
CLEAR WATER FLOW THROUGH A STEP~POOL SYSTEM 
5.1 INTRODUCTION 
The extreme irregularity of a boulder-strewn channel is sometimes 
f 
simulated by means of a succession of discrete weirs (Rouse, 1965; Keller-
hals, 1970, 1972, 1973). Rouse further states that this is a reasonable 
procedure if one realises that the simulated roughness must eventually 
become not merely a form of flow impedence but a type of non-uniformity that 
inherently involves the Froude number. Thus, in the present tests, a 
series of baffles was installed in the experimental flume at 0.5 m intervals 
to model step-pool systems in steep mountain streams. 
The objectives of the clear water flow series of tests were as 
follows: 
(1) to study flow behaviour through an idealised step-pool 
system in order to gain a basis for understanding the behaviour of step-
pool systems in the field. Specifically, average velocity was to be 
measured by the salt-velocity method to facilitate computation of resistance 
to flow in the idealised system, in order to understand energy dissipation 
in field step-pool systems, 
and (2) to identify and examine any idiosyncrasies of the model not 
apparent in the field situation. In particular, idealised systems using 
regular sills or baffles were known to induce flow unsteadiness in the form 
of roll waves. 
To provide an -adequate base for discussion of the present results, 
a literature review follows which covers aspects of roughness in channels, 
flow regimes, and flow instabilities. 
5.2 LITERATURE REVIEW 
5.2.1 Roughness in Open Channel Flow 
General: The friction factor c is the ratio of the average 
velocity of the flow v to the shear velocity v* 
m 
c = 
vm/v 
* 
(Note that the Chezy friction factor C = c I) I'g . 
... 5-1 
In the case of two-dimensional flow, 
v* 
Alternatively, resistance to flow is represented by the 
Darcy-Weisbach friction factor f 
From equation 5-2, it can be shown that 
F = c IJ 
and thus f = 
... 5-2 
. .. 5-3 
... 5-4 
. .. 5-5 
which shows that roughness or friction factor is a function 
of Froude number F. 
Traditionally, roughness in open channels has been represented 
by an equation 
1 
If 
R 
= A log' y' 
where, for this equation 
A 2 
+ B ... 5-6 
B = 0.79 (if width to depth ratio large) 
R hydraulic radius 
and y' depth at which velocity o. 
Y' has usually been considered to be related to k , where k is s s 
the equivalent sand grain diameter that would give the same roughness 
characteristics (Nikuradse, 1932). 
Flow in Rough Channels: The Nikuradse equivalent grain size 
roughness value was used for other roughness types than sand grains in 
an attempt to derive a single representative friction factor function. 
Equation 5-6 implies that f is independent of Reynolds number Re. 
However, Morris (1959) noted that f may be an increasing or decreasing 
function of the Reynolds number, depending on the nature of the channel 
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roughness. It was thus seen that a more complete description of the 
roughness characteristics was necessary (Morris, 1959; Sayre and Albert-
son, 1963; Rouse, 1965). 
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Morris (1955) noted that the chief source of friction loss in a 
fluid flowing over a rough surface was the generation, spreading, and 
subsequent dissipation of vortices from the wake and separation zones behind 
each element. This suggested that the longitudinal spacing of roughness 
elements L was the roughness dimension of greatest importan~e in rough 
conduit flow. Morris (1955) proposed three different flow regimes, namely 
(a) isolated roughness flow, 
(b) wake interference flow, 
and (c) quasi-smooth (or skimming) flow. 
Morris (1959) expanded this classification to the following 
(a) smooth turbulent flow, 
(b) normal turbulent flow, 
(c) semi-smooth turbulent flow (i.e., isolated roughness flow), 
(d) hyper-turbulent flow (i.e., wake interference flow), 
and (e) quasi-smooth flow. 
Morris developed different equations to predict the resistance to 
flow for each of these regimes. 
Artificial Roughness Element Channels: It is implicit in this type 
of approach that the friction factor depends on the size, shape, and spac-
ing of roughness elements making up the channel bed. To incorporate these 
factors into an analysis of resistance to flow in rough channels, many 
authors have used artificial roughness elements. Schlichting (1936) was 
the first to attempt this style of analysis and the type of element he 
studied over the greatest range of spacing was the sphere. His results 
for spheres are plotted in fig. 5-1 (after Rouse, 1965) . together with 
points determined by Koloseus (1958), Koloseus and Davidian (1966b), and 
O'Loughlin and MacDonald (1964). (O'Loughlin and MacDonald used cubes 
arranged in the schlichting pattern, and the same pattern turned through 
90°, as well as sand in controlled concentrations. Concentration A is 
the ratio of the sum of areas projected normal to the flow to the bed 
area of the channel.) It is immediately evident that there is an optimum 
concentration of about 15% to 25% which produces the greatest resistance 
to flow. 
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Fig_ 5-~ Effective roughness as a function of 
form, pattern, and concentration of 
roughness elements 
(After Rouse, 1965). 
Below a value of A of about 15%, the resistance varies in direct 
proportion to the concentration, and the proportionality coefficient 
varies approximately with the relative drag of the individual elements. 
So the resistance to flow for fully developed roughness of height k, and 
concentration A is 
where , 
and A, B 
1 
If" 
R 
A log Dk A + B . .. 5-7 
(A < 0.15) 
D = function of both the shape and arrangement ofrouqhness 
elements, 
constants_ 
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Koloseus and Davidian (1961, 1966a)found 
1 
.ff = 2 log ( 0.1_4 __ (_~~) ) 
;\0.9 
• .• 5-8 
Adachi (1964) added 'incomplete wake interference flow' as a 
transitional regime between the wake interference and isolated roughness 
regimes of Morris' (1955) classification. 
classifications to two cases. 
He then reduced those 
1 
Ridge Roughness - causes incomplete wake interference flow and 
isolated roughness flow, 
and Groove Roughness - causes complete wake interference flow and 
skimming flow. 
d I t · h hi. h' .. I ,He use re a J.ve roug ness k J.n J.S empJ.rJ.ca 
formula, with Lib (b = width between strips) for groove 
log resistance 
roughness instead 
of L/k as had been done for ridge roughness (Morris, 1955). 
0::1 
Knight and MacDonald (1979) compared the results of several authors 
with their own. In general, the friction factor was seen to decrease 
with increasing Reynolds number. Maximum bed resistance to flow was found 
L ~ to occur at a relative spacing of Ik = 8. 
However, the studies mentioned so far have all involved small 
values of relative roughness k/h. Bathurst (1978) classified three types 
of flow on the basis of relative roughness k/h , namely 
(a) k/h < 0.1 - small-scale roughness, 
(b) 0.1 < k/h < 0.3 - transitional, 
and (c) k/h > 0.3 - large-scale roughness. 
Bayazit (1975) noted that equation 5-6 may not be valid for large 
values of k/h, while Rouse (1965) warned that such flows could no longer 
be considered uniform and thus the velocity distribution is not logarith-
mic. Bayazit (1975) and O'Loughlin and MacDonald (1964) found that 
friction factor increases substantially when relative roughness exceeds 0.3. 
Sayre and Albertson (1963) analysed data for the transitional and 
small-scale roughness cases, and found that a logarithmic equation was 
still applicable. They postulated the equation 
c = 
~ ~ 
2.30 
K 
Yn 
log 
X 
where K = von Karman turbulence coefficient 
Y
n 
normal depth of flow 
and X ~ (size, shape, and spacing of roughness elements). 
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· .. 5-9 
2.30 1 Yn From c = + c 2 -K- og k · •• 5-10 
and equation 5-9, they found 
6.06 log X c 2 = a · .. 5-11 
where, for this equation, a = constant. 
Sayre and Albertson (1963) found that they could consider the 
channel bottom as the reference datum for close-spaced roughness elements, 
unlike some authors who had had to consider depth of flow from the water 
surface to some other reference level. Further, the data indicated that 
K was independent of roughness pattern, provided the conditions of wake 
interference and uniform roughness prevailed. 
Raju and Garde (1970) also worked in the transitional and small-
scale roughness zones, but with low Froude numbers so that the Froude 
number effect due to wave resistance could be ignored. They found that 
the total resistance of a rough bed (L/k from 2.5 to 4.5) may be estimated 
from 
1 
rc; h = c 1 log k 
where CD = a drag coefficient. 
Comparing this with 
v 
m 
v 
* 
h 
6.06 log C k ) + c 3 
· .. 5-12 
· .. 5-13 
they found that the depth datum may be set at the flume bottom for 
L/k from 5 to 40, but for L/k less than 5, the datum needs to be set 
at a higher level. 
For large-scale roughness, some r~searchers still used a logarith-
mic law (Scheuerlein, 1973) while others opted for an empirical power law 
to describe resistance to flow (Mohanty, 1959; Herbich and Shulits, 
1964) . In these large-scale roughness channels, despite the gross effect 
IJ.. 
.r 
on the water surface due to the roughness elements, the flow-can be 
considered quasi-steady and uniform in a macroscopic sense (Hartung and 
Scheuerlein, 1967). Scheuerlein (1973) defined 
1 ;; k - A log (R B ) ••. 5-14 
where A 
and 
where 
and 
B 0" (0.44 + 3 <P) 
k tan a. 
L 
tan a. channel slope. 
Here, cr is an aeration factor and 
cr = 1 - 1.3 sin a. + 0.08 h/k • 
Herbich and· Schulits (1964) differentiated two cases: 
(a) flow depth greater than roughness element height and 
(b) flow depth less than roughness element height. 
.•. 5-15 
They presented graphical relations relating a resistance coefficient K 
(inverse of Manning's n in S;I. units) to A and F for various values of 
slope. 
While some of these studies were undertaken specifically to model 
boulder bed channels (Herbich and Shulits, 1964; Hartung and Scheuerlein, 
1967; Scheuerlein, 1973), other authors attempted to work directly from 
field data. 
Field Studies of Boulder-Bed Channels: Judd and Peterson (1969) 
showed resistance to flow to be a function of channel shape, roughness, 
spacing (or concentration) A, and relative roughness. They derived 
ft= 
f 
<p (A) 
where w channel width. 
Bathurst (1978). noted that with large-scale roughness, the 
total resistance was the sum of the profile drag of each roughness element. 
He theorised 
72 
· .. 5-18 
where CD a drag coefficient 
and v' approach velocity to roughness element, 
but then derived the following equation 
( R ).2.34 0.365 D84 · .. 5-19 
Bathurst differentiated very steep channels (characterised by 
steps and pools) from conditions of large-scale roughness with associated 
macro-uniformity. In Bathurst et al. (1981), this is clarified further 
by defining the large-scale roughness channels as boulder bed channels 
found at slopes greater than about 0.3% but less than about 7%. These 
boulder bed channels thus correspond to the region of riffle steps 
(Hayward, 1980). Bathurst et al. (1981) derived for these channels 
1 (0 5 ) [ W 0.118 J ~ (0.28 ) og .75 I b , r W )0.492 1.025(y--) I'::.. -b' F 13.434 Y b' 50 
f l 50 
x (~,) · .. 5-20 
where b' is a function of the effective roughness concentration 
such that 
b' · .. 5-21 
where a, c = constants varying with bed material 
and S50 = size of element short axis, which is bigger than or 
equal to 50% of short axes. 
· .. 5-22 
Y50 is the cross stream axis size, while L50 is the long 
axis of the bed material. 
and ·Aw 
Wh' 
relative~roughness area where 
h' = depth of bed da turn. ( 
Hey (1979) noted that many authors gave a general form of 
resistance equation for gravel bed channels, and he proposed 
/3 
I~ 
f 
2.03 log ( a R ) 
3.5 D84 
... 5-23 
where a varies with the cross-sectional geometry of the flow. 
Thompson and Campbell (1979) proposed 
f 
where k 
s 
ks 
«1-0.1 -) 
R 
2 loglO (12 R »-2 
~ 
4.5 D ,with D equal to the median boulder diameter. 
... 5-24 
At high relative roughness k h it appears that Rey's (1979) and 
Thompson and Campbell's (1979) equations under-estimate f (Bathurst 
et ~., 1981; MacMurray, in prep.). Further, the large-scale roughness 
equations are held to be inapplicable to step-pool streams (Bathurst 
et al., 1981; Bathurst,' in press) . 
5.2.2 Steep Streams Mo?elled by:. Steps. and Pools 
Mehanty (1959) described three flow regimes for step-pool channels 
(a) tranquil, 
(b) tumbling, 
and (c) rapid. 
Mohanty reported that for any regime, each roughness element 
acts as a partial or full control, while flow is macroscopically uniform 
at a scale much greater than step length. He also found instability in 
the transition regions between rapid and tumbling, and rapid and tranquil 
regimes. Peterson and Mohanty (1960) stated that roll waves formed in 
these transition zones, and noted that in tumbling flow, the roughness 
elements acted as critical flow weirs. Al-Khafaji (1961) introduced a 
new regime 
(d) unstable tumbling flow 
as well as three transitional ones. Al-Khafaji used plots of q Vs J 
L (for different k values) to show the major flow regimes. 
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Morris (1968) summarised all the information in a detailed report. 
He varied size, spacing, and shape of roughness el~ments to determine an 
optimum geometry for dissipating fluid energy on steep slopes. 
waves. 
Unstable tumbling flow was characterised by the occurrence of roll 
The following section summarises some attempts to explain their 
occurrence, in compartson with the analysis of the more common type of roll 
wave caused by instability in uniform flow. 
5.2.3 Instability in Open Channel Flow 
Uniform open channel flow will become unstable when the velocity of 
flow is very high or the channel slope is very steep (greater than 2 or 3%). 
Under these conditions, instability of the free surface is characterised by 
the formation of a series of roll waves (Chow, 1959). 
(1910) . 
The phenomenon of roll wave formation was first reported by Cornish 
Many attempts have been made to develop a criterion for instabil-
ity of uniform flow to explain the formation of roll waves. Jeffreys 
(1925) used a non-linear shallow water equation and the Chezy resistance law 
to establish the criteria 
v 
m 
2 Igh . .. 5-25 
That is, the initial instability occurs at a Froude number of 2. 
Keulegan and Patterson (1940) used the same approach, but with Manning's 
resistance law instead of Chezy's. Their criterion was then 
v 
m 
1.5 Igh 
or instability for F greater than 1.5. 
... 5-26 
Ishihara et al. (1952), working with a smooth sheet flow, con-
sidered the Manning and Chezy equations inapplicable, and found roll waves 
at flow velocities smaller than those of Jeffreys (1925) or Keulegan and 
Patterson (1940). Mayer (1959) described two types of waves. Roll 
waves were found in the laminar flow regime, where surface tension was 
found to be vital for their formation. Further, the surface velocity was 
less than the wave velocity. Slug waves formed at the boundary between 
supercritical laminar and subcritical turbulent flow. The data for both 
types was found to lie on a single curve of a plot of F/I.J vs Reynolds 
number. Mayer (1959) found that instabilities occurred for F > 2, but 
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in line with Ishihara et al. (1952), Albertson et al. (1960) reported that the 
unstable limit occurs at F < 1 for laminar flow. 
Vedernikov (1945) used the Saint-Venant approximations to establish 
a criterion for instability called the Vedernikov nuIDber V. 
x' y' vm 
v 
(Chow, 1959 ) 
where x' = the exponent of the hydraulic radius in the general uniform 
flow equation. Thus, x' = 2 for laminar flow, 0.5 for turbulent flow if 
the Chezy formula is valid, and 0.667 for turbulent flow if the Manning 
formula is used. 
v absolute velocity of disturbance waves in channel. 
w 
and y' a shape factor of the channel section defined by 
5-27 
y' 1 - R dP dA 
•.. 5-28 
where R hydraulic radips 
P wetted perimeter 
and A the flow cross-sectional area. 
Vw - vm is equal to the celerity c of the waves, or to the 
critical velocity Vc (Chow, 1959). 
reduced to 
Thus, the Vedernikov number may be 
v X· y' F ..• 5-29 
When the Vedernikov number is less than unity, the flow will be 
stable; when V is equal to or exceeds unity, unsteady flow will develop 
and roll waves will form. 
Dressler (1949) showed that roll waves could not occur when the 
resistance to flow was zero, or exceeded a certain value. Rouse (1938) 
also stated that large roughness and/or bed irregularities would prevent 
the formation of roll waves. 
Koloseus and Davidian 0.966 (a» used the ratio F /F s (similar to, 
but not the same as, the Vedernikov number) to define the stability 
limit: 
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where > 1 unstable 
· .. 5-30 
< 1 stable 
They found that Fs increased as the ratio of flow width to flow 
~ 
depth decreased. They postulated that for a rough channel, a single 
relation could describe stable sub- or super-critical flow. The 
relation was 
1 
If 
rr: 4h 
2 log L· 14 k 
A o. 9 J · .• 5-31 
where A roughness concentration. 
The unstable data coalesced when the degree of instability was 
considered. The resultant equation was 
1 
If · .. 5-32 
Koo_ (1963, 1967), working with large roughness values, attempted 
1 
the same coalescing by plotting ~ 
f 
h 
against ~ 
F/I.f 
However, Al-Khafaji 
(1961) had questioned the usefulness of F/I,J for such channel rough-
nesses. 
A common feature of roll waves is that they break in the forward 
direction. The waves of Koo (1963, 1967), Mohanty (1959), AI-Khafaji 
(1961) and the present tests, all break in the backward direction. 
Whether the latter waves are the same as the roll waves predicted by 
uniform flow stability analyses is made even more questionable by the 
following description by Al-Khafaji (1961): 
" It was found that at the instant roll waves started 
there existed a minimum depth in the neighbourhood of the 
midd~e of each cycle where the velocity was a maximum. 
When this depth approached the height of the roughness 
the wave started to form." 
Koo (1963, 1967) found Fs to be 1.35. However, in his derivation 
of F, he used the depth over the roughness elements. In stable 
tumbling flow his roughness elements would have acted as critical depth 
sections. A local Froude number of about 1.3 is not at all unusual 
in these situations if depth measured is the brink depth. 
Thus, there appear to be several sorts of instability in open 
channel flow. The most usual instability is that investigated by the 
use of shallow water theory. Very large roughnesses also generate 
instability. A further type described by Foley and Vanoni (1977), and 
Schumm et al. (1982) is due to the breaking of antidune waves, and is 
thus a two-phase phenomenon. 
5.3 TESTS 
For this series, tests were performed at slopes of 0.027, 0.098, 
0.172 and 0.248. At each slope, a series of flows was passed down the 
channel. Average and maximum velocities were measured using the salt-
velocity technique. Observations were made of flow regimes. Photo-
77 
graphs were taken to provide a visual record of each test run. Negatives 
of the test runs were projected onto a screen and tracings of the flow 
profiles were made. 
5.4 RESULTS 
The results for these tests are listed in Table 5-1. 
5.4.1 Flow Regime 
In these tests, three distinct flow regimes were observed. They 
were stable tumbling, unstable tumbling, and shooting flow, and are shown 
in fig. 5-2 (a) to (c). 
are shown in fig. 5-3. 
The existence regions of the different regimes 
5.4.2 Average and Maximum Velocities 
Plots of average and maximum velocity are shown in figs. 5-15 and 
5-16 respective. 
5.4.3 Friction Factor and Average Shear Stress 
The average shear stress ~m and the Darcy-Weisbach friction 
factor f were calculated for each test using the wall correction procedure 
outlined by Gessler (1965). The average velocity was used for the velocity 
TABLE 5-1 RESULTS OF CLEAR WATER FLOW TESTS 
Run q v v h R J m max 't m f F Number "< -1 (m- s 1m) (m/s) (m/s) (m) (m) (N/m2 ) 
1 0.098 0.003 0.008 0.022 0.370 0.370 357.57 46897.39 0.005 
2 0.098 0.009 0.033 0.081 0.281 0.281 271. 45 2018.51 0.026 
3 0.098 0.014 0.050 0.101 0.284 0.284 274.25 891.80 0.039 
4 0.098 0.019 0.066 0.132 0.287 0.287 277.03 513 .44 0.051 
5 0.098 0.022 0.072 0.162 0.302 0.302 291.46 452.30 0.054 
6 0.098 0.026 0.101 0.272 0.261 0.260 251.68 197.37 0.082 
7 0.098 0.030 0.106 0.479 0.279 0.278 268.99 191.10 -0.083 
8 0.098 0.035 0.123 0.347 0.281 0.280 270.76 142.25 0.097 
9 0.098 0.040 0.139 0.529 0.285 0.284 274.46 113.32 0.108 
10 0.098 0.045 0.149 0.529 0.301 0.300 289.77 104.70 0.112 
11 0.098 0.051 0.190 0.628 0.267 0.266 256.63 56.87 0.152 
12 0.098 0.065 0.232 0.559 0.280 . 0.278 268.64 39.83 0.182 
13 0.098 0.111 0.409 2.514 0.270 0.266 256.76 12.30 0.326 
14 0.098 0.091 0.368 2.011 0.246 0.243 234.46 13.86 0.308 
15 0.098 0.144 0.472 2.285 0.305 0.299 283.99 10.38 -, 0.354 
16 0.098 0.163 0.599 2.514 0.272 0.265 255.68 5.71 0.476 
Run q v v h R J 3 m max Tm f F Number (m s -11m ) (m/s) (m/s) (m) (m) (N/m2 ) 
17 0.027 0.003 0.010 0.042 0.266 0.266 70.41 5962.23 0.007 
18 0.027 0.007 0.025 0.088 0.279 0.279 73.81 983.65 0.018 
19 0.027 0.022 0.079 0.718 0.283 0.282 74.59 95;'37 0.058 
20 0.027 0.039 0.135 0.914 0.290 0.287 76.05 33.53 0.097 
21 0.027 0.048 0.161 1.257 0.301 0.297 78.72 24.29 0.114 
22 0.027 0.055 0.179 1. 257 0.306 0.302 79.87 19.94 0.126 
23 0.027 0.071 0.221 1.117 0.321 0.315 83.37 13.66 0.152 
24 0.027 0.080 0.275 1.117 0.290 0.282 74.79 7.91 0.198 
25 0.027 0.093 0.326 1.257 0.286 0.277 73.23 5.51 0.237 
26 0.027 0.127 0.477 1. 396 0.265 0.250 66.23 2.33 0.360 
27 0.027 0.160 0.623 1.571 0.257 0.236 62.49 1.29 0.477 
Run q v v m max J (m3 -1 Number s /m) (m/s) (m/s) 
52 0.172 0.011 0.040 0.087 
53 0.172 0.020 0.073 0.168 
54 0.172 0.028 0.096 0.251 
55 0.172 0.038 0.130 0.245 
56 0.172 0.044 0.152 0.305 
57 0.172 0.050 0.169 0.296 
58 0.172 0.056 0.180 0.318 
59 0.172 0.078 0.272 1.257 
60 0.172 0.094 0.302 2.793 
61 0.172 0.126 0.559 2.514 
62 0.172 0.162 0.684 3.142 
h R 
'tm (m) (m) (N/m2) 
0.282 0.282 468.75 
0.275 - -
0.287 0.287 476.60 
0.293 0.292 486.21 
0.288 0.287 477.67 
0.297 0.296 492.40 
0.311 0.310 515.46 
0.286 0.284 472.80 
0.311 0.309 513.65 
0.225 0.221 368.12 
0.237 0.232 385.68 
f 
2343.75 
-
410.29 
230.87 
165.18 
138.74 
127.70 
51. 31 
45.20 
9.42 
6.60 
F 
0.033 
-
0.079 
0.105 
0.124 
0.135 
0.141 
0.222 
0.236 
0.515 
0.614 
co 
o 
Run 
Number 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
q vm vmax J 3 
s-l/m) (m/s) (m/s) (m 
0.248 0.012 0.048 0.114 
0.248 0.024 0.090 0.168 
0.248 0.034 0.120 0.219 
0.248 0.041 0.142 0.437 
0.248 0.048 0.161 0.234 
0.248 0.054 0.168 0.258 
0.248 0.066 0.224 0.437 
0.248 0.075 0.261 0.479 
0.248 0.085 0.261 0.393 
0.248 0.093 0.295 1.479 
-
0.248 0.125 0.408 2.285 
0.248 0.138 0.488 1.955 
0.248 0.159 0.447 1. 933 
(Note: Channel width b = 0.132 m, 
therefore Q = (q x 0.132) m3/s) 
h R Tm f F 
(m) (m) (N/m2) 
0.247 0.247 583.03 2067.24 ·0.043 
0.266 0.266 627.53 623.93 0.079 
0:279 0.279 657.88 363.67 0.103 
0.290 0.289 683.56 270.44 0.119 
0.301 ' 0.300 709.26 219.99 0.132 
0.321 0.320 756.27 213.85 0.134 
0.294 0.293· 691.89 110 . .21 0.187 
0.287 0.286 674.86 79.19 0.220 
0.324 0.323 761.86 89.20 0.208 
0.314 0.312 737.77 67.64 0.238 
0.307 0.305 719.26 34.63 0.333 
0.282 0.279 659.19 22.12 0.416 
0.356 0.353 833.14 33.30 . 0.339 
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Figure S-2(a): Stable tumbling flow. 
83 
Figure 5-2(b): Unstable tumbling flow. 
84 
Figure 5-2(c): Shooting (or rapid) flow. 
value in the calculation. 
in fig. 5-17. 
The Darcy-Weisbach friction factors are shown 
5.5 DISCUSSION OF RESULTS 
5.5.1 Flow Regime 
The following description of the four major flow regimes is taken 
from Morris (1968). 
Tranquil Regime 
This regime occurs at mild bed slopes ranging up to a maximum 
of 1% to 3%, depending on the discharge and the size and spacing of bed 
elements. The flow is characterised by surface smoothness, although at 
higher discharges the flow tends toward surface instability. 
Stable Tumbling Regime 
85 
This regime occurs at steeper slopes. The larger the bed element 
spacing the smaller is the slope at which tumbling flow begins. The range 
of the stable tumbling regime lS a function of channel slope, discharge, 
size and spacing of roughness elements. For a given bed geometry, the 
range of discharges producing this flow decreases with slope up to about 
8%, then starts increasing (but at a decreasing rate with increasing 
slope) . 
The flow in this regime is characterised by alternate acceleration 
and deceleration between supercritical and subcritical velocities in every 
cycle from bed element to bed element. The qualitative criterion for the 
regime is, then, a series of hydraulic jumps. 
each roughness element. 
Unstable Tumbling Regime 
Critical depth occurs over 
This regime is also a function of channel slope, discharge, and 
roughness geometry. For a given slope, it occurs at discharges higher 
than those for stable tumbling flow and lower than for the rapid regime. 
In this regime, pulsating surges appear as waves superimposed over the 
normal flow. These waves increase in height as they travel downstream, 
and break backwards, rather than forwards as occurs with roll waves caused 
by amplified instability in uniform flow. 
Rapid Regime 
This regime occurs at the same slopes as stable and unstable 
tumbling flow, but at higher discharges. The lower limit of the regime 
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Figure 5-3: Existence regions of flow regimes. 
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increases markedly with increased spacing of bed elements. 
In this regime, water skims over the roughness elements. The 
eddies between the roughness elements are of large magnitude. 
As can be seen from fig. 5-2, the roughness elements used in the 
present tests were rectangular, having dimensions of 0.285 m x 0.132 m 
x 0.033 m. Designating height of the element (0.285 m) by k, distance 
between the baffles (0.5 m) by L, and thickness of the baffles (0.033 m) 
by t, the following dimensionless variables were obtained 
and 
L 
K 
t 
k 
L 
Koo (1963) used k 
.. () L AI-KhafaJl 1961 used k 
1.754 
0.116 
= 5, and L k 
from 5 to 15. 
from 3 to 10 (1967), while 
Their flow regime data 
. .. 5-33 
... 5-34 
presented in plots of q vs J showed the same general shape as fig. 5-3, 
with unstable tumbling flow reaching a maximum extent at a slope of 
about 5 to 10% (this varied with shape of roughness element used) . Both 
used square cross-section roughness elements, which were most susceptible 
L 
to roll wave generation at k = 5 (Koo, 1967; Morris, 1968). Morris 
(1968) performed tests for a variety of different cross-section shapes 
L 
at k 5 and found that they reduced to some extent the range of 
unstable tumbling flow. 
The existence regions for the flow regimes shown in fig. 5-3 thus 
belong to this general family of curves mentioned, modified due to the 
relatively close spacing and large bed element size. 
Formation of Roll Waves 
Flow through the system for slope = 0.027 was observed to be 
qualitatively different to that occurring at the slopes of 0.098, 0.172 
and 0.248. 
The steps in the channel act as weirs. Cox (1928) noted that flow 
over a weir could be either of two types, namely plunging nappe or 
surface nappe. At low flows, the nappe plunges (fig. 5-4(a», while at 
higher flows it rides of the surface of the downstream pool (fig. 5-4(b». 
The change from plunging to surface nappe occurs at a submergence ratio Sf. 
S I = H2 
Hl 
, (see fig. 5-4) k of about 0.2 for H-
1 
1943; Villemonte, 1947), which increases with 
k 
< 4.5. 
> 4.5 (Vennard 
k 
decreasing Hl 
and Weston, 
for 
k 
(0) plunging nappe profile 
k 
(b) surface? napPQ profi[Q 
~H 
__ 2 
Figure 5-4: Alternative nappe profiles. 
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The flow rates at which this change in nappe profile would occur 
were calculated for slopes = 0.027, 0.04, 0.06, 0.08 and 0.098. These 
points are shown on fig. 5-3 (for slopes = 0.172 and 0.248, k/Hl < 4.5, 
and the flow rate would need to be even higher than indicated by the trend 
for slopes = 0.027 through 0.098). 
For slope = 0.027, only run 17 had a flow'rate less than q = 0.006 
3 -1 
m s 1m, the value for the change in nappe form. Run 17 and run 18 are 
shown in fig. 5-5(a) and (b) respectively. The change in nappe profile 
is clearly observable. The surface nappe probably corresponds to an 
undular hydraulic jump, as opposed to the submerged hydraulic jump 
(plunging nappe) that characterised stable tumbling flow for most of the 
tests performed. This suggests that at lower slopes, a flow sub-regime 
should be delineated,namely stable tumbling surface flow (see fig. 5-6). 
3 -1 As discharge increased beyond q = 0.006 m s 1m at slope = 0.027, 
the wavelength of oscillations of the surface nappe lengthened until the 
flow pattern was characterised by a standing wave over each step. The 
length between steps then defined the wavelength, and with increasing dis-
charge the flow pattern could alter only by increasing the wave amplitude A. 
Steepness (i.e. AIL) was measured on the tracings for these runs; the 
results are listed in table 5-2. 
TABLE 5-2 STEEPNESS OF STANDING WAVES 
(J = 0.027) 
Run Steepness 
21 0.077 
22 0.092 
23 0.130 
24 0.164 
The flow pattern for run 23 was observed to be on the verge of 
becoming unstable, and the corresponding discharge was considered to be 
the lower limit for unstable tumbling flow. 
The maximum steepness for an irrotational wave has been theoretically 
calculated to be 0.142 (Milne- Thomson, 1968, P 406). Kennedy (1961) states 
that this value refers to gravity waves in a fluid of infinite depth, but 
90 
(a) Run 17 - Plunging nappe. 
(b) Run 18 - Surface nappe. 
Figure 5-5: Observed change in nappe profile. 
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found (as did Foley and Van;oni, 1977) that antidune waves in a fluid of 
finite depth broke at this steepness value. Brat~r and King (1976, 
p 10-18) state that waves in shallow water usually break before their 
steepness reaches 0.142. 
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The standing waves store water, and when the waves break this stored 
water is released as a surge (Foley and Vanoni, 1977; Schumm et al., 
1982) . Thus, the unstable tumbling flow observed in the present tests 
at slope = 0.027 can be seen to be caused by the breaking of standing 
waves on reaching a theoretical maximum possible steepness of 0.142 (see Fig.5-3 
However, it is obvious from fig. 5-3 that this is not the mechanism 
operating at slopes = 0.098, 0.172 and 0.248. Fig. 5-3 shows that 
unstable tumbling flow occurs at lower discharges than those at which the 
nappe profile would change from' plunging to shooting. The following 
mechanism was found to be responsible for the observed unstable tumbling 
flow at these slopes. 
In the stable tumbling flow (with a plunging nappe) regime, the 
'-, sills act as critical flow structures. For this, the upstream head H is 
equal to 3 
2 
Yc (Henderson, 1966). Further, the plunging jet in the 
model step-pool system may be considered to be bounded on its underside. 
That is, the jet may be considered to be running on a very steep slope 
(fig. 5-7). 
Figure 5-7: Assumed flow behaviour of plunging jet. 
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This assumption :Ls,'reasonable since. a submerged high velocity jet 
persists for a considerabl.e_ distance (Hoore, 1943). The situation can be 
considered as a variation of a hydraulic jump on a sloping surface. For 
a sloping surface with a horizontal apron, the fo~lowing case occurs when 
the end of the hydraulic jump is ~t the boundary of the sloping surface 
and apron (fig. 5-8). 
TW· 
Figure 5-8: Hydraulic jump on a sloping surface. 
In fig. 5-8, the following variables were introduced: 
Y2 conjugate depth for the hydraulic jump on a horizontal surface, 
TW tail water depth, 
L2 = leng~h from change in slope to start of the hydraulic jump, 
Y2 was calculated from the formula 
1 
2 
... 5:-35 
(Henderson, 1966) 
The sills were seen to act as critical depth meters, and so Yl was 
taken as the brink depth, i.e. Yl'~ 0.71 Yc' and thus Fl = 1.616. 
The above case occurs when a jump, initially ,formed on a 
horizontal apron, is made to encroach on the upstream slope by an increase 
in the tail water depth TW beyond yZ' For the case as shown in fig. 5-8, 
the length L2 is given by the empirical equation 
where J 
o 
tan e. 
-0 78 
= 0.82 J . 
o 
(After Henderson, 1966) 
5-36 
Any further increases in TW are matched by exactly equal rises in 
the level of point c' (fig. 5-8), and thus by horizontal movements equal 
to those amounts divided by J . 
o 
Therefore, 
0.82 J -0.78 
o 
+ TW 1.3 (-) 
Y2---
J 
o 
This can be solved for tail water depth thus: 
5-37 
(Henderson, 1966) 
TW 
.•. 5-38 
The step-pool system that was used for the present tests imposed 
a tail water depth, since the sills acted as critical flow sections. In 
fact, it appears from a comparison of calculated and measured TW values 
(from tracings) that the geometry of the plunging jet was dictated by the 
tail water depth. This can be seen in fig. 5-9. This shows that for 
slope = 0.098, there was a continual decrease in e with increasing dis-
charge. However, this trend for slopes = 0.172 and 0.248 is distorted; 
e tends to a limit value at a certain critical flow. The reason can be 
seen in the following development. 
Bakhmeteff and Matzke (1938) measured the length of hydraulic 
jumps on slopes to be 6Y2' However, fig. 15-21 of Chow (1959, p 428) 
shows that this corresponds to flow on a nearly horizontal surface at a 
Froude number of about 7.5. Jump length decreases with steeper slopes, 
and with decreasing Froude number (the curves are only estimated for F < 4). 
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Kindsvater (1944) measured the length of the jump as equal to the length of 
.\ 
the surface roller (his tests were performed at slope = 0.1671. He found 
that for Froude numbers of about 2, the length of the jump L. was equal to 
J 
about 3.5 Y2. For the tests reported herein, the value Lj = 3.5 was 
Y2 
used. 
For low discharges, the flow situation was as follows (fig. 5-10). 
Figure 5-10: Flow situation at low discharges (3.5Y2 < L2 )· 
For slope = 0.098, 3.5 Y2 was never greater than L2 , and so e 
decreased with increasing flow. However, TW appears to dictate 8 and 
thus L2. For slopes = 0.172 and 0.248, at a certain flow (= ~slope) tail 
water depth constrains the jet to an almost constant value of 8 The flow 
rate at which this occurs corresponds to 3.5 Y2 = L2 . 
rate, the flow situation was as shown in fig. 5-11. 
Beyond this flow 
/ 
0·285 COS C!r 
Figure 5-11: Flow situation with ]".5Y2 > L . 2 
97 
The situation shown in fig. 5-11 was still stable, but equation 5-38 
no longer predicted TW accurately. It can be seen, however, that with 
increasing flow, TW can only increase to the value of 0.285 cos a + H. 
This will correspond to where the end of the jump (as given by 3. 5y 2) will 
be at x. Then the ratio 3.5Y2 will equal 1, and TN will have reached 
La 
the maximum depth possible under the physical constraints. Any further 
increases in flow rate pushes 3.5Y2 further than X, and the TW depth 
required can only be accommodated by increasing H. But this results in 
3 
H being greater than 2 y c , and a flow instability is established. The 
3 
new depth will correspond to "2 y c for a higher flow q', and so discharge 
will increase over the step. This now exceeds the incoming flow, and the 
pool is drained reducing H until 3.5 Y2 < La again. Pool outflow is now 
less than inflow, causing H to increase again. Thus the flow oscillates; 
the perturbations in flow are amplified as they pass through successive 
pools, and become roll waves. 
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. 3:5Y2 
Fig. 5-12 shows the ratlOS' plotted against cspecific 
La 
discharge for slopes of 0.098, 0.172 and 0.248. From the graph, the 
critical discharges for the onset of instability can be estimated. These 
n 
are plotted in fig. 5-3, and show very close agreement with the observed 
critical discharges for the slopes mentioned above. 
The description of the flow profile given by Al-Khafaji (1961) for 
the onset of unstable tumbling flow (section 5-2-3) corresponds to the 
profiles observed by the writer at the limit described above: 
Comparison with Other Formative Mechanisms for Roll Waves 
Roll waves caused by instability in uniform flow do not develop 
when resistance to flow exceeds a certain value (Rouse, 1938; Dressler, 
, 
1949). This value can be calculated using the Vedernikov number. (The 
following development is adapted from Ligget, 1975.) 
number can be written 
where y' 1 _ RdP dA 
v x' y' F 
V is unity at the stability limit. 
For a rectangular natural channel 
and dP 
.. dA 
R 
A 
2 
W 
Wh, P 
Wh 
W + 2h 
assuming a sufficiently wide channel 
and dP dA 
R :::: h 
tends to zero. 
Therefore, for stability, F 
W + 2h 
The Vedernikov 
.•. 5-29 
... 5-28 
••• 5-39 
.LUU 
For the Chezy relation, x· 
may be written 
0.5. Further, the Chezy relation 
v 
m c IgJh 
where Chezy friction factor C c rg. 
that is, 
From equation 5-40 
J 
From equation 
2 
c 
v 
J = m 
2 
1 
(equivalent to equation 5-4). 
5-39, for stability 
1 
.2 > J 
x' 
which gives 1 1 
c 2 .. 4 
J 
(this is also given by Thomas, 1940; Dressler, 1949; Mayer, 1959; 
and Albertson et al., 1960). 
--
Therefore, using equation 5-3, the flow will be stable if 
f .. 2J 
• .• 5-40 
· .• 5-41 
• •• 5-42 
· .. 5-43 
· .. 5-44 
However, the 
wide to assume that 
channel in the present tests was not sufficiently 
dP tends to zero. 
dA 
Instead, "'(' 
Therefore, for stability 
1 .. 
(1 _ 2R 
b 
x' (1 - 2R ) F b 
or F ..; 
x' 
1 
_ 2R/b ) (1 
Then 1 
12 2R ) 2 2 x (1 - c ? J b 
'" 5-45 
· .. 5-46 
· .. 5-47 
... 5-48 
101 
and so the flow will be stable if 
f 
2R 2 
-/ 
b 
~ 2J ... 5-49 
f 
The critical l-2R 2 ( -) b 
values for which the flow will become 
unstable are given in table 5-3. 
observed in the tests. 
TABLE 5-3 CRITICAL VALUES OF 
Also shown are the smallest values 
f 
l-2R 2 FOR STABILITY OF FLOW 
( -) 
b 
f 
J 2 J (critical) Lowest --2 ( l-2R) 
0.027 
0.098 
0.172 
0.245 
The lowest 
f 
--2 ( l-2R) 
b 
b 
0.054 0.195 
0.196 0.631 
0.344 1.048 
0.496 1. 768 
values for the tests correspond to the· 
highest flow rate at each slope. These values indicate that the flow is 
still stable. Clearly, the roll waves observed in the writer's tests 
are not the same as those investigated by Thomas (1940), Dressler (1959) 
Mayer (1959) and others. This is confirmed in that the roll waves of 
the writer, Mohanty (1959), Peterson and Mohanty (1960), AI-Khafaji (1961), 
Koo (1963, 1967) and Morris (1968) all broke backwards, in contrast to 
the roll waves resulting from instability in uniform flow which break 
forward. 
The period of the roll waves investigated herein decreased with 
increasing q(fig. 5-13). The arrival of roll wave peaks at the down-
stream conductivity probe were clearly marked on the conductivity traces 
(see Appendix 1). 
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Figure 5-13: Period of roll waves plotted versus specific discharge. 
The travelling waves of 5 to 8 feet amplitude observed by Holmes 
(1936) would be of the unstable uniform flow type, and the dry channel 
between wave crests is as predicted by Rouse (1938) . However, the 
travelling waves observed by Knighton (1981) in a supraglacial meltwater 
stream are of the type obtained in the writers' tests. Knighton noted 
that the quasi-regular step and pool sections in the observed streams 
had associated supercritical and subcritical flow respectively. It is 
probable that, as melt flow increased, thermal degradation of the channel 
would have lagged, and_ the dimensions accorded the hydraulic jump by the 
pool would have become too small, resulting in the observed instability. 
Morris (1968), citing Koo (1967), stated that unstable tumbling 
flow would occur when the Froude number corresponding to uniform flow in 
the channel upstream from the elements became greater than"1.35. The 
present results show that this is incorrect (see table 5-1). 
Observations on the Rapid Flow Regime 
Unstable tumbling flow resulted in an oscillating flow pattern 
(fig. 5-14(a) and (b». 
When a roll wave passed through a pool, a large eddy occurred 
103 
between the steps. Rapid or shooting flow was defined for these tests to 
be when the flow situation shown in fig. 5-14 (b) occurred for more than 
50% of the time. The writer has so far been.unable to quantitatively 
establish the nature of the mechanism causing the release of water to form 
each roll wave, and so is unable to predict the onset of rapid flow. 
Morris (1968) asserts that in the rapid regime, the flow depth is 
less than critical, and therefore the flow is supercritical. Values of F 
given in t,able 5-1 (calculated using the average velocity, determined from 
the salt-velocity technique and adjusted for steep slope effects following 
Chow (1959, p 211» indicate that this is not necessarily true. It may 
occur with smaller roughness elements. Heasurements of depth to establish 
whether the depth was less than critical is considered dubious in the light 
of the extremely rough surface to the flow. 
5.5.2 Average and Maximum Velocities 
Average velocity versus specific discharge is plotted in fig. 5-15. 
The most striking feature of fig. 5-15 is that at low flow rates (up to 
about qst' the flow at which unstable flow begins), for a specified flow 
rate there is practically no difference in average velocity values for the" 
four channel slopes. For higher flow rates, the average velocity valu~s 
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(a) Plunging jet 
( ( 
( b) Roll wave passing through pool 
Figure 5-14: Oscillating flow pattern with unstable tumbling flow. 
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0-6 
Figure 5-15: Plot of average velocity versus specific discharge. 
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show considerable scatter. If the average velocities for slope = 0.027 
are ignored, a trend appears which is repeated in fig. 5-16. At higher 
discharges, average and maximum velocities initially increase with increas-
ing slope as the gravity component of the motivating force increases. 
However, as slope increases still further, the flow appears to experience 
greater resistance, and average and maximum velocities decrease. 
From fig. 5-16, it can be seen that maximum velocities decrease 
with increasing channel slope at discharges ranging into the unstable 
tumbling regime. The effect of the surface nappe regime for slope = 0.027 
is clearly seen in its much higher maximum velocities over these discharges. 
However, at slope = 0.027, there is only a gradual increase in maximum 
velocity through the unstable and rapid regimes. For slopes = 0.098, 
0.172 and 0.248, there appear to be limiting flows within the unstable 
tumbling regime beyond which maximum,velocities suddenly increase. For 
higher discharges, the trend with slope is as described above. 
Experience indicates that sediment discharge is strongly correlated 
with velocity (Vanoni, 1975, p.177). Bagnold (1960) correlated sediment 
discharge with stream power (per unit bed area), ~ v , the product of bed 
o m 
shear stress and mean velocity. In his 1966 paper, Bagnold equated the 
rate of doing work in transporting sediment with the available power times 
an efficiency (Graf, 1971, p.209). Yang (1972') 1976) and Yang et al. (1976) 
defined unit stream power as stream power per unit weight of water, JV
m
. He 
claimed this quantity to be more highly correlated with sediment transport 
than any other. 
While mean velocity correlates with an average measure of the 
ability of a stream to transport sediment, maximum velocity gives an 
indication of the maximum size of sediment a stream may be capable of 
moving. The potential of a stream for eroding and transporting sediment 
may be termed its erosive potential. Thus, average and maximum velocities 
may be considered to indicate the erosive potential of a stream. 
In an artificial step-pool channel, average velocity values show 
that the erosive potential would increase only mildly with increasing flow 
rate. Maximum velocities, however, show that for the higher discharges in 
the unstable tumbling regime, there is a marked increase in erosive 
potential. 
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Figure 5-16; Plot of maximum velocity versus specific discharge. 
108 
5.5.3 Resistance to Flow 
A plot of Darcy-Weisbach friction factor f versus specific dis-
charge is shown in fig. 5-17. It can be seen that f initially diminishes 
rapidly with flow, but at higher discharges (in the rapid regime) approaches 
an essentially constant value. f values corresponding to flows in the 
unstable tumbling regime provide a transition between these two trends. 
The f values are extremely high (much higher than those of various 
authors summarised by Scheuerlein (1973)). Beven etal. (1979) evaluated 
an f value of 1328 for a mountain stream, so the present values seem 
reasonable. Resistance to flow is a measure of the rate of fluid energy 
dissipation, and considerable fluid energy is known to be dissipated in the 
pools of step-pool systems. The calculatedf values reflect this energy 
dissipation. It is for this reason that Bathurst (1978) asserted that the 
large-scale roughness channels for which he derived his power resistance 
laws are functionally different from step-pool streams. Thus, the power 
resistance laws of Bathurst (1978) and Bathurst et al. (1981) are inapplic-
able to step-pool systems. 
An analysis was attempted, however, to see if the roughness could 
be predicted by an empirical formula similar in form to other resistance 
laws. 
From. tracings of projected photographs, an average depth of flow h' 
from the flume .bottom was obtained. Depending on flow regime, the hydraulic 
radius R obtained from measurements of q and v differed from h'. 
m 
Thus, 
the actual roughness height experienced by the flow is less than k = 0.285 m, 
and may be designated by k', where 
k I = [k - (h I - R) ] ... 5-50 
The relevant values are listed in table 5-4. 
The difference noted between R and h' reflects the presence of dead 
zones in the flow. Plots of A 
f 
R 
versus log ( k I ) (see fig. 5-18) 
indicated that a resistance law could be derived of the form 
Ii f 2 IS (A) log + B 
where A, B ¢ (energy slope JI; J' sin a). 
... 5-51 
550 
• 
500 
450 
400 
350 • J =0·248 
Specific discharge q (m3s-1/ m) 
Figure 5-17: Plot of Darcy-weisbach friction factor f versus specific 
discharge. 
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Run h' Number 
1 0.265 
2 0.289 
3 0.295 
4 0.302 
5 0.301 
6 0.301 
7 0.304 
8 0.297 
9 0.308 
10 0.314 
11 0.315 
12 0.332 
13 0.351 
14 0.339 
15 0.361 
16 0.363 
TABLE 5-4 VALUES OF AVERAGE DEPTH OF FLOW FROM FLUME BOTTOM h' I 
AND ACTUAL ROUGHNESS HEIGHT k' 
k' Run h' k' Run h' Number Number 
0.390 17 0.283 0.265 56 0.302 
0.277 18 0.294 0.270 57 0.335 
0.274 19 0.311 0.256 58 0.359 
0.270 20 0.323 0.249 59 0.357 
0.286 21 0.332 0.250 60' 0.349 
0.244 22 0.336 0.251 61 0.383 
0.259 23 0.343 0.257 
0.269 24 0.355 0.212 76 0.260 
0.261 25 0.376 0.186 77 0.284 
0.271 26 0.384 0.151 78 0.297 
0.236 27 0.397 0.124 79 0.309 
0.231 80 0.340 
0.200 52 0.295 0.272 83 0.344 
0.189 53 0.303 - 86 0.374 
0.223 54 0.315 0.257 88 0.356 
0.187 55 0.314 0.263 
k' 
0.270 
0.246 
0.236 
0.212 
0.245 
0.123 
0.272 
0.267 
0.267 
0.265 
0.245 
0.227 
0.216 
0.282 
I-' 
I-' 
o 
2 
20 
1·2 
(f8 
-- prQdid e d 
_ mQosurQd 
J = 0·027(-) 
J = 0·098 (.) 
11 1-5 
tJydraulic radius 
'Rea!' roughnass height 
J = 0·172 (A) 
2-0 
R 
k 
Figure 5-18: Plot of .; ~ versus log ( ~, ) . 
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This was evaluated to be 
~ = 5.657 (1. 676 - 5.715 J') log (k~ ) 
f 
112 
+ (0.630 J' - 0.057) ... 5-52 
That is 
II = 5.657 A log (k~ ) + B 
where A (1.676 - 5.715 J') 
and B (0.630 J' - 0.057) 
B may prove to be a function of A" A was not varied in the 
tests reported herein, and so could not be treated as an independent 
variable. 
The predicted values are contrasted with the calculated values 
in fig. 5-18. 
... 5-53 
It is of interest that the data for shooting flow indicate that 
the active flow depth still extended considerably below the crests of the 
roughness elements. The interaction of the main flow with the large 
eddy (fig. 5-l4(b}) explains why for rapid flow, F never exceeded unity. 
Thus, rapid flow need not be supercritical, despite Morris' (1968) 
assertion to the contrary. 
5.6 CONCLUSIONS 
The main conclusions for the tests of clear water flow through 
an artificial step-pool system are as follows: 
(1) Three flow regimes were observed, namely 
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(a) stable tumbling flow, 
(b) unstable tumbling flow, 
(c) rapid or shooting flow. 
(2) At low slopes, flow in the stable tumbling regime may be in 
the surface nappe form, rather than the plunging nappe form which 
characterises stable tumbling flow at higher slopes. Further, the unstable 
flow developing from the surface nappe flow is caused by the breaking of 
standing waves at a steepness of about 0.142, as predicted by theory. 
(3) Unstable tumbling flow (at slopes where the stable tumbling 
flow is of the plunging nappe form) is caused by constraints on the full 
development of the submerged hydraulic jump imposed by the physical boundar-
ies of the step-pool system. 
predicted on this basis. 
The onset of unstable tumbling flow can be 
(4) Unstable flow in step-pool systems is a different phenomenon 
to the instabilities occurring in uniform flow at Froude numbers of approxi-
mately 1.6 or greater. This is further supported by the observation that 
step-pool systems exceed the roughness limits that are a theoretical upper 
bound to the development of uniform flow instabilities. 
(5) Over the stable tumbling flow range, average velocity increases 
with increasing discharge but is independent of slope. Some slope effects 
are apparent for discharges in the rapid flow regime. 
(6) An inverse relation between maximum velocity and slope occurs 
over the range of discharges corresponding to the lower portion of the 
unstable tumbling regime. . There is a sudden increase in maximum velocity 
with discharge over the latter portion of the unstable tumbling regime. 
For rapid flow, the same slope effects are apparent as for average velocity. 
(7) The trends in average and maximum velocities suggest that an 
artificial step-pool channel may suddenly increase its potential erosivity 
over the upper portion of the range of discharges producing unstable 
tumbling flow. 
(8) Resistance to flow decreases with increasing discharge until 
an essentially constant value (which is a function of slope of the channel) 
is attained for rapid flows. 
(9) The resistance to flow can be empirically predicted using a 
variation of the traditional logarithmic resistance law. Energy slope of 
the channel is an important variable in the derived function. 
CHAPTER SIX 
CLEAR WATER SCOUR IN A STEP-POOL SYSTEM 
6.1 INTRODUCTION 
It was established in the preceding chapter that step-pool sys-
tems can be modelled by a succession of discrete weirs. Flow in such 
a system was the subject of Chapter 5. While the results obtained with 
discrete weirs are indicative of the behaviour of a natural step-pool 
channel, this model can be made much more realistic by the inclusion of 
gravel between the weirs or steps. This was done, and the model behav-
iour investigated. 
The objectives of this clear water scour series of tests were as 
follows: 
(1) To study flow behaviour through an idealised step-pool sys-
tem containing gravel in order to understand the behaviour of step-pool 
systems in the field. Average velocities were to be used to compute 
resistance to flow and energy dissipation. 
(2) To investigate the phenomenon of scour in a step-pool sys-
tern. 
and (3) To ascertain whether roll waves are influenced by the pres-
ence of gravel, and to define the conditions under which roll waves 
might occur in field step-pool systems. 
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A literature review on the subject of scour follows to facilitate 
discussion of scour observed in the tests. 
6.2 THE MECHANICS OF SCOUR 
Rouse (1939) noted that scour, like any general problem in un-
steady, non-uniform flow, depends on geometric, flow, fluid and sediment 
characteristics. He considered the relative motion between sediment and 
fluid to be related to the normal settling velocity of individual grains. 
This assumption was assimilated into the work of other authors, e.g. 
Johnson (1950), Thomas (1953) and Doddiah et al (1953). Rouses' (1939) 
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experiments involved an impinging jet. Schoklitsch (1935) noted the 
influence of jet form on scour. 
Rouse (1939) derived the equation 
.•. 6.1 
where S depth of scour below original bed level 
a height of dune above original bed level 
w fall velocity of sediment 
m 
v velocity of jet 
and t time. 
It is implicit in this equation that the rate of scour is an 
exponential function of time. Consequently, for uniform material where 
grading effects are not present, no equilibrium of scour can be expected, 
other than that imposed by physical boundaries. This concept of an 
ever increasing scour with time due to exponential growth was echoed by 
Johnson (1950), Thomas (1953), and Doddiah et al (1953). These authors 
also emphasised the influence of the depth of water over the scouring 
bed on the final scour hole dimensions. 
Johnson (1950) noted that, with high tail water, a dune built up 
above the original bed just downstream of the scour hole and restricted 
growth of the scour hole by preventing the escape of suspended grains. 
With low tail water, the dune was always removed by the flow, and no res-
triction on escape of the grains occurred. Schoppmann (1975) measured 
turbulence intensities in the scour zone. He showed that large eddies 
generated in the shear zone of the scour hole were responsible for trans-
port of suspended grains out of the scour hole. 
Thomas (1953) investigated scour at the base of a free overfall 
(fig. 6-1). 
A comparison of his results with the equation of Schoklitsch 
(1935) (equation 6.3) showed only moderate agreement. Thomas found 
that the depth of scour incr~ased rapidly with increasing discharge, 
and more slowly with increasing height of fall. Both of these trends 
are indicated by equation 6.3. 
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Hs 
TW 
Fig~re 6-1: Scour at the base of a £ree overfall. 
Doddiah et ale (1953) demonstrated that for scour from vertical 
jets, scour hole development was unaffected by whether the jet was 
hollow or solid (for a given area and velocity of jet). Further, for 
both scour by·vertical jets and scour at the base of a free overfall, 
scour increased with increasing depth of water over an erodible bed 
until the depth reached a critical value. Any further increase in depth 
diminished the scour, probably indicating the high tail water condition 
noted by Johnson (1950). 
Laursen (1952) defined the rate of scour as the difference be-
tween the rate of supply and the rate of removal of sediment from the 
scouring zone. This can be represented by 
where B 
¢(B) 
Qsc(B) 
and Qs 
d[¢(B)] 
dt 
boundary shape 
a function of 
transport capacity of the flow 
rate of supply of sediment. 
... 6.2 
Further, he reasoned that the enlargement of the flow section 
would result in a reduction of velocity along-the scour zone boundary 
with a consequent reduction in capacity for transport. The rate of 
scour then decreases as the difference between the flow's capacity for 
transport and the rate of sediment supply decreases. Implicit in the 
foregoing statement is the notion of a limiting extent of scour. The 
rate of scour will equal zero when the transport capacity is equal to 
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the supply rate. Laursen the~ showed that this limit would be approached 
asymptotically. This concept of a limiting extent to scour was subse-
quently assimilated by other authors e.g. Li (1955), Novak (1961), 
Johnson (1967), and Vanoni (1975). Rajaratnam and Beltaos (1977) assert· 
that scour development breaks with the logarithmic relation and begins 
to approach the limit asymptotically when the scou~ depth is three 
quarters of its final value. By plotting dimensionless coordinates, 
Laursen (1952) also established that scour profiles exhibited similarity 
during development. 
Nov&k (1955) listed some equations for scour downstream of an 
overfall. They were 
and 
where S 
Hs 
, 
H 
q 
D90 
and TW 
S 
S 
s 
S 
4.75 H 0.2 0.57 _ TW 
D 0.32 s q 
90 
(after Schoklitsch) 
3.68 H'0.225 qO.54 _ TW 
D 0.42 
90 
(after Veronese) 
'0.25 0.5 6 H q [~JO.33 _ TW D90 
(after Jaeger) 
22.88- H'0.5 0.6 
0.4 q - TW 
D90 
· .. 6.3 
• .. 6.4 
• •. 6.5 
· •. 6.6 
(after Eggenberger-Muller) 
= depth of scour 
difference in height of water surface above and below 
the hydraulic structure 
fall (see fig. 6-1) 
specific discharge 
sediment diameter; than which 90% of grains are smaller 
tail water depth. 
ll8 
Novak (1955) investigated the effect of stilling basin design on 
the depth of scour, and found that an effective design decreased scour 
to about 50% of that predicted by equations 6.3, 6.4, and 6.5, and to 
about 12% of that predicted by equation 6.6. The difference between 
equations 6.3, 6.4 and 6.5, and 6.6 is that scour depth S is defined 
for different limits. The equations of Schoklitsch, Veronese, and 
Jaeger give the scour value for a dynamic limit, where material is still 
in suspension in the scour zone. The equation of Eggenberger-Muller, 
however, defines the ultimate static limit, where the dune has been re-
moved and ali sediment in suspension has escaped from the scour zone 
(Johnson, 1967). Thus the Eggenberger-Mu~ler formula can be considered 
to be a low tail water equation (Johnson, 1950), and the other three to 
be high tail water equations. 
Novak (1961) noted that the passage of bedload strongly influences 
the formation of scour downstream of a stilling basin. He found that 
with no bedload, the scour depth approaches its final value asymptoti-
cally, while for the bedload case the scour depth reaches a final value 
in a lesser time which decreases as bedload transport rate increases. 
Carstens (1966) provided a radical departure from conventional 
scour analysis in attempting to unify different scour situations. He 
reasoned that a particles motion would depend on whether or not the vec-
tor sum of lift and drag forces was of greater magnitude than 
2: Fm 
ticles submerged weight. A force ratio was defined as y:p-
r 
where 2: Fm sum of forces producing motion 
sum of forces resisting motion. 
2: F k Ic 2 CD 2 2 + m 1 L v 
--= 2: F k2 (s - 1) g r 
Further 
v 
(s - 1) 
constants 
lift coefficient 
drag coefficient 
flow velocity 
excess solids density ratio 
and D mean diameter of sediment. 
m 
The sediment number Ns was then defined as 
v 
I(s --1) g D 
m 
D 
m 
the par-
••. 6.7 
.•. 6.8 
so that 
E Fm 2 
~ = ¢ (sediment grain geometry) Ns 
r 
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Assuming that sediment transport is a function of the forceratio l 
Carstens hypothesised a dimensionless form of sediment transport 
where Q
s 
B 
v B D 
m 
r, 2 2 S . 
¢ ~Ns - Nsc ), L' d~sturbance geometry, 
sediment grain geometry, ..• ] 
sediment transport rate 
width of scour hole 
••. 6.9 
Nsc lowest value of sediment number for which scour will occur 
v reference flow velocity 
L a characteristic dimension of the obstruction 
and S scour depth. 
This equation was applied to a variety of situations, all of 
which yielded the basic form 
(N 2 _ N 2)5/2 v B D 
s sc m 
for sediment transport rate; and 
9 ¢[disturbance geometry, L' 
sediment grain geometry ..• ] 
-LS -- ~(Ns2 - N
sc
2) 5/21 (DLg) (vLt) 1\ J ¢[disturbance geometry, 
sediment grain geometry, ... ] 
for scour depth. 
... 6.10 
... 6.11 
Raudkivi and Ettema (1977) investigated the effect of sediment 
grading on local scour, finding that armouring due to sediment grading 
reduced scour. The maximum depth of clear water scour was seen to be 
a function of the standard deviation of the grain size distribution of 
the bed material. 
6.2.1 Scour in a Step-Pool Channel 
In a channel with a series of steps or sills, the length between 
sills is critical for formation of the scour hole (Apmann and Blinco, 
1969). If L, the length between sills, is too short, the point of maxi-
mum scour depth moves closer to the downstream sill (Volkart, 1972; 
Volkart et al, 1973). If L is longer than some critical lengthL , the 
c 
scour hole dimensions will be independent of length L (Apmann and 
Blinco, 1969). This points to an error in Volkart's (1972) analysis, 
in which he evaluated an equation for depth of scour ~ (see fig. 6-2). 
where q 
J 
L 
Yw 
II 
Ys 
s 1.25 
0.5 JO.5 0.667 q L 
D 0.42 
90 
specific discharge 
slope of plane of top of sills 
length between sills 
specific weight of water 
II _ 0.25 
Ys g 
submerged specific weight of sediment. 
---
---
---
Figurec6-2: Definition diagram for Volkart's scour tests (After 
Volkart, 1972). 
..• 6.12 
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For scour uninfluenced by the downstream sill, S is independent 
of L. For scour influenced by the downstream sill, a complex distortion 
of the scour field occurs (see section 6.5.1) and therefore equation 
0.667 6.12 is not realistic. The factor L probably reflects the influence 
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L 
of D90 via the dimensionless ratio that Volkart used in his analysis. D90 Apmann and Blinco (1969) noted that scour also occurs both upstream and 
downstream. of sills (fig. 6-3). 
Stability thrQotQning scour 
Figure 6-3: Scour upstream and downstream of sills. 
Schmid (1972, 1973) began his analysis with the same 'bedload-
balance' approach as Laursen (1952). He then noted that an equation 
for bedload transport in scour development could be developed as an 
analogy to the bedload transport formula of Meyer-Peter and Muller 
(1948). The Meyer-Peter and Muller formula may be written as 
where qs " 
" Ys 
qO.667 J 
D 0.33 g g 
a + b 
q"0.667 
s 
"0.667 0.33 
Y D g . s g 
specific submerged bedload transport rate 
submerged specific weight of sediment 
.. . 6.13 
and 
J slope 
D g characteristic particle size of the bedload material. 
i.e. a dimensionless transport quantity equals a dimensionless limit-
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ing value) a plus a dimensionless bedload transport quantity. Schmid .;--
(1972, 1973) evaluated a dimensionless transport quantity for scour 
0.667 H 0.333 
q s 1 
---
0.333 D 0.333 Somax 
g 90 
••. 6.14 
where c l = a dimensionless limiting value. 
For S < S a dimensionless bedload quantity was added, 
o omax' 
resulting in the general equation 
0.667 H 0.333 
q s 1 
0.333 0.333 S= c l + c 2 
g D90 0 [ ]
0.333 
D l~~ 0.5 
90 g 
Equation 6.15, considering Schmid's value for c l of c l 
represents a dynamic limit of scour (Johnson, 1967). 
6.3 TESTS 
... 6.15 
0.521, 
In this series of tests, 4 mm diameter gravel filled the spaces 
between the steps of the laborqtory channel. Tests were performed at 
slopes of 0.027, 0.098, 0.172 and 0.248. At each slope, a series of 
flows was passed down an initially plane bed. For each flow rate, when 
bedload transport had ceased (i.e. the scour between steps had reached 
equilibrium), the average and maximum velocities through the scour sys-
tem were measured using the salt velocity technique. Photographs were 
also taken to allow the dimensions and shape of the scour hole to be 
measured. 
6.4 RESULTS 
The results for these tests are listed in table 6-1. 
6.4.1 Flow Regime 
with gravel between the steps, distinct flow regimes were observed. 
These were stable tumbling, unstable tumbling, and shooting flow. They are 
TABLE 6-1 EXPERIMENTAL RESULTS FOR CLEAR WATER SCOUR TESTS 
I Run q Vm Vmax h R Tm S X S I f F '0 % Scour J (m3s-1 /m) (m/s) (m/s) (m) (m) (N/m2 ) (m) (m) (m) No. 
1 0.027 0.056 0.462 0.558 0.121 0.155 30.32 1.14 0.516 0.073 0.231 0.165 18.81 
2 0.027 0.072 0.517 0.558 0.140 0.131 34.74 1.04 0.537 0.072 0.232 0.189 18.22 
3 0.027 0.119 0.662 0.914 0.180 0.164 43.43 0.79 0.606 0.074 0.254 0.196 18.99 
4 0.027 0.148 0.717 0.838 0.207 0.186 49.36 0.77 0.612 0.071 0.250 0.211 18.38 
I 
5 0.027 0.184 0.855 0.897 0.215 0.188 49.69 0.54 0.716 0.075 0.279 0.235 18.89 
6 0.027 0.030 0.412 0.555 0.072 0.069 18.19 0.86 0.596 0.027 0.103 0.045 3.26 
7 0.027 0.044 0.489 0.546 0.091 0.086 22.69 0.76 0.630 0.049 0.181 0.079 10.46 
8 0.098 0.021 0.216 0.287 0.096 0.095 92.17 15.80 0.289 0.142 0.175 0.150 27.87 
9 0.098 .0.008 0.166 0.251 0.047 0.047 45.22 13.13 0.244 0.071 0.082 0.069 6.30 
10 0.098 0.015 0.204 0.287 0.073 0.073 70.12 13.48 0.313 0.122 0.133 0.117 19.14 
11 0.098 0.034 0.235 0.305 0.145 0.144 139.10 20.15 0.256 0.166 0.210 0.198 41. 37 
12 0.098 0.043 0.274 0.419 0.158 0.157 151.30 16.12 0.286 0.154 0.220 0.195 39.92 
13 0.098 0.066 0.418 0.513 0.157 0.154 149.22 6.83 0.437 0.129 0.237 0.177 35.85 
14 0.098 0.098 0.578 0.785 0.169 0.165 159.07 3.81 0.583 0.135 0.431 0.201 35.82 
15 0~098 0.164 0.943 1.142 0.174 0.165 159.46 1.43 0.937 0.148 0.467 0.270 29.67 
16 0.172 0.009 0.144 0.234 0.063 0.063 104.51 40.32 0.251 0.121 0.087 0.092 16.24 
17 0.172 0.016 0.168 0.205 0.098 0.098 162.48 46.05 0.235 0.174 0.122 0.162 29.87 
18 0.172 0.038 0.200 0.262 0.189 0.188 313.09 62.62 0.201 0.225 0.210 0.241 56.81 
19 0.172 0.051 0.219 0.322 0.233 0.232 385.77 64.35 0.198 - - - -
TABLE 6-1 CONTD. 
Run 3 q Vro. vmax h R Lm .(3 X '8 J f F 0 % Scour No. (m S-l/m) (m/s) (m/s) (m) (m) (N/m2 ) (m) (m) (m) 
20 I 0.172 0.086 0.471 0.558 0.182. 0.180 298.81 10.78 0.482 0.215 0.464 0.313 58.26 
21 I 0.172 0.181 0.917 1.570 0.187 0.181 300.94 2.86 0.927 0.194 0.464 0.320 40.71 
22 0.172 0.133 0.755 1.005 0.177 0.173 287.11 4.03 0.784 0.162 0.467 0.278 36.49 
23 0.248 0.011 0.121 0.193 0.090 0.090 211.51 115.57 0.183 0.181 0.118 - 19.21 
24 0.248 0.025 0.170 0.258 0.145 0.145 341.61. 94.56 0.202 0.229 0.154 - 50.53 
25 0.248 0.054 0.240 0.437 0.220 0.219 516.85 71.79 0.231 0.222 0.248 - 67.52 
26 0.248 0.075 0.348 0.679 0.214 0.213 502.16 33.17 0.340 0.232 0.467 - 66.63 \ 
27 0.248 0.119 0.690 1.092 0.172 0.169 399.51 . 6.71 0.752 0.184 0.467 - 49.01 
\ 
, 
28 0.248 0.169 0.835 1. 795 0.202 0.198 466.81 5.36 0.840 0.201 0.467 - 46.33 
29 0.027 0.013 0.345 0.670 0.039 0.038 9.96 0.67 0.679 
- - - -
30 0.027 0.033 0.460 0.773 0.071 0.067 17.80 0.67 0.671 - - - -
31 0.027 0.046 0.504 0.670 0.090 0.085 22.38 0.70 0.653 - - - -
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shown in fig. 6-5(a) - (c), while the existence regions are shown in 
fig. 6-6. 
6.4.2 Percentage Scour and Dimensions of the Scour Hole 
Negatives of photographs of each run for the lower three slopes 
were projected onto a screen and the scour pattern traced on paper. The 
percent scour was evaluated as the ratio of the area of scour divided 
by the total area bounded by the steps. The respective areas were plani-
metered from the tracings. Values obtained were averaged over the num-
ber of steps visible in the clear-sided section of the flume for each 
test run. Results are listed in table 6-1, and are plotted in fig. 6-
16, with standard errors shown. For slope = 0.248, the scour pattern 
was traced directly from the flume, and the relevant areas planimetered 
to give the percent scour (see fig. 6-16). 
From tracings of the scour and flow patterns, the depth of maxi-
mum scour S, the distance to the point of maximum scour X, and the depth 
of flow at the point of maximum scour S· were measured. The results 
o 
are shown in fig. 6-13, 6-14, and 6-15 respectively. 
defined as shown in fig. 6-4. 
S, X and S are 
o 
No values of S were available for slope 
o 
of photographic arrangements. 
0.248, due to failure 
Hs= HI 
StablQ tumbling flow 
Figure 6-4: Definition diaqram for terms used to describe scour. 
6.4.3 Average and Maximum Velocities 
Average and maximum velocities are shown in fig. 6-22 and fig. 
6-23 respectively. 
6.4.4 Friction Factor and Average Shear Stress 
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The average shear stress T and the Darcy-Weisbach friction fac-
m 
tor f were calculated for each test run using the wall-correction proce~ 
dure as outlined in Gessler (1965) • The average velocity v , average 
m 
depth h, and channel slope J were used for the velocity value , depth 
value, and slope value respectively in these calculations. Values ob-
tained are listed in table 6-1. The Darcy-Weisbach friction factors 
are shown in fig. 6-24. 
6.5 DISCUSSION OF RESULTS 
6.5.1 FlowRegime 
Three distinct flow regions were observed, namely stable tumbling, 
unstable tumbling and shooting flow (see fig. 6-5). The characteristics 
of the flow in each of these flow regimes are described in section 5.5.1. 
Fig. 6-6 shows the existence regions of these regimes on a plot 
of discharge versus channel slope. The curves defining the limit values 
qst and qsh were estimated from test runs and have the same shape as those 
found for clear water flow. The clear water flow curves for these boun-
daries are compared to the clear water scour curves in fig. 6-7. This 
shows that the major difference in curves between the two flow types is 
that the region of occurrence of unstable tumbling flow has changed; at 
all slopes unstable tumbling flow for clear water scour occurs at a 
higher discharge (by an essentially constant amount) than that at which 
unstable tumbling flow begins for clear water flow. This difference is 
obviously the result of sediment between the steps. Inspection of photo-
graphs (fig. 6-5) shows that the sediment produces a flow geometry quite 
different to that of the clear water flow test runs (see fig. 5-2). The 
question thus arises as to whether the mechanism responsible for flow . 
instability is the same in both cases. 
Mechanism for Flow Instability 
(a) Slope = 0.027. As was shown for clear water flow, at slope 
0.027 a change in nappe profile from plunging to surface occurs at 
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Figure 6-5(a): Stable tumbling flow (clear water scour). 
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Figure 6-5(b): Unstable tumbling flow (clear water scour). 
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Figure 6-5(c): Shooting (or rapid) flow (clear water scour), 
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Figure 6-8: Scour profiles of runs at slope of 0.027. 
very low flow rates. It was not possible to calculate values for the 
change in nappe profile as k (here considered equal to S) < 4.5 Hl . 
. However, the scour profiles of the runs are clearly determined by the 
surface nappe profile (see fig. 6-8). 
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- For discharges approaching the transition between stable tumbling 
and unstable tumbling flow, standing waves did not develop as they did 
for the clear water flow case. Further, it was obvious that the sills 
are not acting as critical flow structures as they do at slopes = 0.098, 
0.172 and 0.248, but as submerged weirs. 
where q 
a 
Flow over a sub:merged rectangular weix is given by the formu;J..a 
(Brater and King, 1976) 
specific discharge at head Hl computed from the equation 
for free (unsubmerged) discharge 
and Hl , H2 are shown in fig. 6-9. 
..• 6.16 
From equation 6-16, the factor H2 is the submergence ratio S'. For the 
tests reported here 
HI 
Hl - 0.5.sina 
S' 
(Note that HI is equivalent to H as used in Chapter 5.) 
k 
Figure 6-9: Flow over a submerged weir. 
.•. 6.17 
For J 
Further 
0.027, 
S' 1 - 0.013 
HI 
where C = a discharge coefficient. 
· .. 6.18 
• .. 6.19 
The equation attributed to Kindsvater and Carter (Brater and 
King, 1976) was used to evaluate C: 
o H 3.22 + 0.40 k 
where k is shown in fig. 6-9. 
· •• 6.20 
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For the analysis, depth of scour S was equated with k, and HI was meas-
ured from the tracings of the test runs. Good agreement was found be-
tween the predicted and measured specific flow rate (table 6-2). 
TABLE 6-2 COMPARISON OF CALCULATED AND MEASURED 
SPECIFIC FLOW RATES 
RUN q (measured) q (predicted) 
7 0.044 0.047 
1 0.056 0.053 
2 0.072 0.076 
For discharges greater than about q = 0.06 m3s-1/m, S (and thus 
k) is essentially constant (see fig. 6-12) because the downstream step 
limits any further scour development. Values of HI for runs 1, 2 and 
7 were plotted (see fig. 6-10) versus specific discharge and the curve 
extrapolated to allow estimation of HI for higher discharges. For six 
estimated values of HI' corresponding weir flow rates were calculated 
(table 6-3). 
TABLE 6-3 CALCULATED SUBMERGED WEIR DISCHARGES 
q HI (est) C qa S' q (calc) 
0.08 0.125 3.887 0.172 0.896 0.083 
0.09 0.135 3.940 0.195 0.904 0.092 
0.10 0.142 3.977 0.213 0.908 0.098 
0.11 0.150 4.020 0.2;34 0.913 0.106 
0.12 0.156 4.052 0.250 0.917 0.111 
0.13 0.162 4.084 0.266 0.920 0.117 
The calculated values indicate that, given the observed trend in 
HI' the submerged steps become incapable of passing the flow rate imposed. 
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Figure 6-10: Extrapolation of upstream head HI values to higher flow rates. 
Thus it is possible that' an instability will develop. The value of 
specific discharge at which this instability will begin is estimated 
3 -1/. . 6 6 to be about q = 0.115 m s m, and lS shown on flg. -. 
136 
(b) Slope = 0.098, 0.172. The scour hole shapes for stable 
tumbling runs at slopes = 0.098, 0.172 and 0.248 are indicative of scour 
caused by a plunging nappe. As with clear water flow, the steps act as 
critical depth devices. Thus a hydraulic jump forms in the pool region. 
The situation can be visualised as shown in fig. 6-11. 
Fig. 6-11 : Plunging Nappe Scour. 
This could be considered to be acting as a hydraulic jump at an 
abrupt rise (where the height of the rise = k). Forster and Skrinda 
(1950) give an equation for the length L'. of a hydraulic jump at an 
J 
abrupt rise as 
L, = 5 (k + Y ) J c ... 6.21 
They note that if L. is shorter than that given by equation 6.21, 
J 
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the jump will he submerged. This was found to be the case for the pres-
ent test runs. Thus, the length of the submerged jump may be considered 
to be L. 
J 
3.5 Y2 (Kindsvater, 1944). As in the clear water flow case, 
a critical discharge will be reached when 3.5 Y2 = La. This criterion 
may be considered to correspond to the onset of unstable tumbling flow. 
3.5 Y2 
Values of the ratio are plotted versus specific discharge 
La 
in fig. 6-12. For slope = 0.098, the points indicate that a critical 
3.5 Y2 3 -1 
value of = 1 is reached at about q = 0.05 m s 1m (a measure of 
La 
precision is indicated). ':['h:j.:s is near the value obsel;'ved for the onset 
of unstable tumbling flow. It is probable that the limited length avail-
able for complete jump development triggers the instability. 
The change in slope of the curve in fig. 6-12 at about q = 0.035 
3 -1 0 5 3 -11' h' m s 1m is to be expected. For q > .03 m s m, d1stance to t e p01nt 
of maximum scour is essentially constant (fig. 6-14), while depth of 
scour decreases (fig. 6-13) with increasing discharge. Thus, with increas-
ing flow, point c' (fig. 6-12) will move rapidly toward the downstream 
step reducing La' while 3.5 Y2 increases. 
3.5 Y2 
For slope = 0.172, the values of L follow closely those 
a 
for slope 0.098. However, for q > 0.04 m3s-1/m, while distance to 
the point of maximum scour increases slightly (fig. 6-14), scour depth 
S also increases slightly (fig. 6-13}. Thus, with increasing discha,l;'ge 
point c' (fig. 6-11) will not move toward the step as rapidly as occur-
red for slope = 0.098. The anticipated trend in 3.5 Y2 with increas-
La 
ing discharge is shown in fig. 6-12. The trend indicates that the criti-
cal value of 3.5 Y2 3 -1 will be reached at about q = 0.07 m s 1m, although 
La 
the range of possible values is large. 
The range of values of q corresponding to 3.5 Y2 = La for slopes 
= 0.098 and 0.172 indicate that the limited length available for the 
hydraulic jump provides a reasonable explanation for the onset of unstable 
tumbl ing flow. Heasurements were not available for slope = 0.248. 
Applicability to the Field situation 
For all the slopes investigated, the onset of unstable tumbling 
flow was preceded by a range of flow rates over which the downstream step 
to 
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Figure 6-12: Plot of versus specific discharge. 
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influenced the development of the scour hole. For slopes = 0.098, 
0.172 and 0.248 (and also to a small extent for slope = 0.027) scour 
occurred in front of the upstream step, and behind the downstream 
step (see fig. 6-3) over this range of flows. 
In a natural stream, this would correspond to removal of the 
deposits immediately upstream of the steps (low flow scour usually 
results in removal of any deposits immediately downstream of steps). 
Paving of the stream channel makes the stream bed very stable, and 
the deposits immediately upstream of steps are consequently difficult 
to remove. 
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The laboratory model may be considered to be Froudian, that is, 
it has fully developed turbulent free surface flow which is independent 
of Reynold's number effects. If A represents the ratio of model to 
prototype, then 
and 
A = 1 (gravity has the same effect in both model and proto-g 
type) 
A 1 (densities are the same in both model and prototype) 
s 
1 (slopes are the same in both) . 
This length ratio may be chosen freely as A£, and consequently 
the velocity ratio is 
Data from the Torlesse stream was used to allow scaling to deter-
mine field flow rates corresponding to ql' the flow rate at which the 
downstream step begins to influence development of the scour hole. Step 
length was used to establish a length ratio, given a step length of 0.5m 
in the model. Data are shown in table 6-4. 
TABLE 6-4 FIELD DATA FROM THE UPPER TORLESSE 
STREAM SYSTEM 
Slope 
0.104 
0.164 
Step Length 
3.06 
2.88 
Stream width 
1. 70 
1.48 
A£ 
0.163 
0.174 
(There is considerable variation in field step lengths at any given 
slope). Now, for a Froude number similarity model 
qprototype 
~odel 
A 1.5 
£ 
Thus, for slope = 0.104, a field flow at which the downstream 
step would begin to limit development of the scour hole (assuming 
armouring effects are not apparent) is 
or 
For slope 
or 
3 -1 ql = 0.365 m s /m 
3 Ql = 0,620 m /s 
0.162, this flow rate is 
3 0.408 m /s 
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The Upper Torlesse stream is one of two main tributaries feeding 
the Torlesse Stream proper. In the Torlesse Stream, a 25 yr flood (April, 
3 1978) developed a peak flow of about 2.1 m /s (Hayward, 1978, 1980). 
Allowing for a reduction in the Upper Torlesse (because of its tributary 
status) and for paving of the stream channel, it can be anticipated that 
this flow would probably not be equivalent to ql in the model. 
Using the model discharges at which unstable tumbling flow began, 
3 3 
scaling indicates prototype flows of 1.55 m /s and 1.43 m /s for slopes 
= 0.104 and 0.162 respectively. Again allowing for paving effects and 
the tributary status of the Upper Torlesse stream, unstable tumbling 
flow is unlikely ,to occur in the field. Unstable tumbling flow is further 
discouraged by the irregularity of the field step-pool structures (Rouse, 
1938), since steps of greater than average length can absorb a flow 
instability originating in a shorter pool upstream. 
6.5~2 Clear Water Scour 
Most equations derived to predict the process of local scour pre-
dict the depth of flow in the scour hole S rather than the depth of 
o 
scour S. These equations show that S ' increases with increasing specific 
o 
flow rate q. Similarly, except when the tailwater depth TW is such as to 
disperse the scouring jet before it reaches the erodible bed, S increases 
as q increases. This is intuitively obvious from the general form of 
most equations, which is 
S 
o 
a H'S 
W' -q",--~'7-
D Y cS g g 
... 6.22 
(Schmid, 1972) 
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where a' = fall height 
W' depends on the form of th.e scouring jet 
D a representative diameter of the bed material g 
a, S, y, 0 are constants> 0 
and g gravitational acceleration. 
Thus the curves shown in fig. 6-13 and 6-15 are surprising. One 
may have expected S to decrease as S decreased due to dispersion effects 
o 
caused by increas·ing tail water depth with increasing discharge, and 
then increase with further increase in q as TW increase' overshadowed 
the decrease in S, But under these conditions, S would decrease to 
zero as tail water totally dispersed the eroding jet before it impinged 
on the erodible bed. However, fig. 6-13 shows' that after an initial 
increase, S decreases with q, and then increases again beyond a certain 
value of q. This trend is mirrored by the % scour curves shown in fig. 
6-16. Thus the behaviour of scour in the stepped system deviates from 
previous scour investigations. 
For reasonably low flow' rates, th.e scour hole produced for the 
plunging nappe case is as shown in fig. 6-17. 
Qddy 
Figure 6-17: Scour hole shape (plunging nappe) for low flow rates. 
As q increases, S,g and X all initially increase. However, at 
o 
a certain value of q (say ql' wh_ere ql = <p ("slope», the downstream 
sill or oaffle oegins to limit development of the scour hole as noted 
by Apmann and Blinco (1969). The situation develops as shown in fig. 
6-18. 
Figure 6-18: Scour hole shape as influenced by the downstream baffle. 
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The baffle forces the main scouring jet to rise before it can 
erode the scour hole to the dimensions that would have resulted (dashed 
line) had the baffle been farther downstream. The values of S and X 
are further influenced by the small positive (clockwise) eddy just up-
stream of the downstream baffle, which moves sediment from behind the 
baffle back into the scouring zone. 
The baffle effect is clearly seen in figs. 6-13, 16-14, and 16-15. 
For each slope (except slope = 0.027, where S remains essentially con-
stant for all q > qll the flow rate Q2C> qll at which S begins to 
decrease with increasing q parallels the flow rate at which. unstable 
tumbling flow begins. (see fig. 6-n . 
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As q increas·es still further, another threshold value (qst) is 
attained. At this point, the flow forced upward by the downstream 
baffle suddenly becomes unstable, as described in section 5.5.1. Conse-
quently, for slopes of 0.098, 0.172 and 0.245, S and X are further 
decreased as the main eddy in the pool reverses· due to the passage of 
the wave caused by this instability. This effect is shown in fig. 
6-19. 
rial movQd by chang12 
in 12ddy dir12ction 
Figure 6-19: Change in shape of scour hole due to passage of roll wave. 
Wi tho increasing flow rate, the period of th.ese waves decreases. 
The two oscillating flow patterns result in the threshold scoUr hole 
shape shown in fig. 6-20. 
(a) Roll waVQ passing through pool 
( b) Pl unging nappe 
Figure 6-20: Threshold scour hole shape resulting from oscillating 
flow pattern due to unstable tumbling flow. 
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The threshold shape (Volkart, 19721 show:r: corresponds, for 
slopes = 0.172 and 0.248, to a local minimmn in S (at X '; see fig. 
6-13) and including slope = 0.098 results, to a local minimum in 
% scour (see fig. 6-16). If flow is increased slightly, the scour 
field beyond X I erodes, and the following scour shape results (fig. 
6- 21) . 
Figure 6-21: Final scour hole shape. 
The large positive eddy flow pattern dominates, and the flow 
is shooting. (Shooting flow was, for these tests, defined as the 
flow state in which the large positive eddy as shown in fig-. 6-20(a) 
occurred for 50% of the time or more). Accompanying this change in 
shape was the sudden increase in X to L, the ,length between steps. 
This is clearly seen in fig. 6-14. As q increases further, S and % 
scour again increase (see figs. 6-13 and 6-16) . 
Fig. 6-15 shows that for slope = 0.027, S maintains a con-
o 
stant value for q > ql (as does S~ but begins to increase again as 
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the flow becomes shooting, reflecting the increase in tailwater depth 
while depth of scour remains essentially constant. For slope = 0.098, 
the S curve mirrors the trends of the S curve, with the tailwater 
o 
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depth strongly influencing S in the unstable tumbling and shooting flow 
o 
regimes. 
For slope = 0.172 So decreases from about q2 (fig. 6-15), but 
begins to increase again as the flow becomes shooting. 
It can be seen that only those tests for which the values of 
S , S and X were not influenced by the downstream baffle can be 
o 
analysed in ~ way comparable to most existing an~lyses. 
Most scour formulae from different authors have the form of 
equation 6-22. 
Schmid (1972), from the Buckingham ~-theorem and dimensionless 
variables 
s 
o 
H' 'IT 2 
s 
q 
H IgH and ~3 
s 5 
used the scour results of Kotoulas (1967) to derive the equation 
S 
o 
0.667 q H 
W'~~~~ __ S~ ____ _ 
gO.333 090 0.333 
0.333 
An analysis of all present tests where the downstream baffle 
... 6.23 
did not distort the scour values, using the scour dimensionless variables 
as Schmid, resulted in the following equation 
S = 0.162 
o 
0.981 0.866 q H 
s 
0.491 1.337 
g °90 
(R2 = 0.930) 
One S value for J = 0.248 was used. 
o 
It was estimated from a 
polaroid photograph of run 23. 
Because only one sediment size was used in the tests, 090 may 
be treated as a constant, and so 
S = 40.5 
o 
0.981 0.886 q H 
s 
0.491 ° 0.337 
g 90 
... 6.24 
... 6.25 
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The exponent values differ markedly from those obtained by other 
researchers. However, the scour hole shapes for tests performed at 
slope = 0.027 were visibly different from those obtained at the other 
slopes, because of the different nappe form. When the values for 
slope = 0.027 were eliminated, and a multiple regression analysis per-
formed, the following equation was obtained. 
Thus 
So 
log H 
s 
0.852 10g[H k-J + 0.773 
s g s 
10g[ Hs ] ._ 0.167 
D90 
R2 = 0.993 
0.852 H 0.495 
q s 
0.680 0.426 0.773· g 0 90 
Again treating D90 as a constant yields 
S 
o 
7.72 
0.852 0.495 q H 
s 
0.426 0 0.333 
g 90 
.•• 6.26 
• •. 6.27 
... 6.28 
The values of the exponents are similar to those of Schmid, al-
though the constant multiplier is several times larger. However, writ-
ten as 
S 
0.852 H 0.495 
q s 
7.72 0.426 
g 0.333 D90 
TW · .. 6.29 
the equation is very similar to that of Eggenberger-Mu~ler (Novak, 1955) 
i.e. 
0.6 H'0.5 
S = 22.88 q - TW 
D 0.4 
90 
· .. 6.6 
(Note for the present tests, Hs would be equivalent to Eggenberger-
Mu~ler 'sH I ) • 
0.5 Introducing g into equation 6.6, one obtains 
s 
0.6 H'0.5 
7. 3 ~q~---- - TW 
0.5 0.4 
g DgO 
· .. 6.30 
A further development of the Eggenberger-Mu~ler formula by Franke (1960) 
resulted in 
S 
o 
2.42 
, 0.5 0.667 (H + TW) q 
0.5 0.333 
D90 g 
... 6.31 
This is defined by Johnson (1967) as corresponding to the ulti-
mate limit of scour, where all suspended material in circulation in 
the scour hole is eventually removed. (This contrasts with the dynamic 
limit as suggested by Laursen (1952), where the scouring jet is capable 
of keeping material moving within the scour hole, but not in lifting 
it completely out). Thus the results obtained by the writer and des-
cribed by equation 6-28 indicate that the ultimate static scour limit 
has been reached. It should be noted that S (i.e. So - TW) defined in 
equation 6-29 is equivalent to S as defined in fig. 6-1. This is a 
little different from S as defined in fig. 6-4. 
Depths of scour for the surface nappe case may be predicted from 
the submer3ed weir analysis presented in section 6.5.1. If q and sub-
mergence. S' (and thus H', given J = tana) are known, the unsubmerged 
discharge q can be calculated from equation 6-19. Then k (in the 
a 
clear water scour case, k = depth of scour S as shown in fig. 6-11) 
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can be calculated from equation 6.10 having used equation 6.19 to calcu-
late the discharge coefficient C. 
The free overfall scour studies of most investigators have been 
performed such that there has been no imposed structural constraint to 
the scouring process. Schmid (1972) stated that for his step-stair 
scour tests (writer's free translation) ' •.• the maximum distance be-
tween two steps is limited by the maximum length of scour expected, 
because the overflow jet should not impact on the following step crest' • 
By contrast, the scour tests of Volkart (1972) included tests where 
the downstream step influenced the scour dimensions. An inconclusive 
attempt was made to analyse the present tests using Volkart's method. 
Until the effects of the downstream, baffle on scour are quantified, 
the results given above for q > ql remain unable to be analysed. 
6.5.3 Average and Maximum Velocities 
It is immediately evident from fig. 6-22 that slope has an effect 
on average velocity. Average velocity decreases with increasing slope 
3 -1 up to specific discharges of about q = 0.11 m s 1m. This is due to 
the increase in scour depth (with consequent increase in fluid energy 
dissipation) with increasing slope at any discharge. Beyond this dis-
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Figure 6-22: Plot of average velocity v versus specific discharge. 
m 
153 
charge, the average velocities for slope 
values for the other slopes. 
0.027 are less than the 
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For all slopes, there is an initially rapid increase in average 
velocity with discharge, followed by a lessening in the rate of change 
of average velocity with discharge up to a q value (a function of slope) 
marked ql in fig. 6-22. This is the specific discharge at which the 
downstream sill begins to limit development of the scour hole. For 
q > ql' average velocity begins to increase almost monotonically with 
increasing discharge. The zone of unstable tumbling delineated (fig. 
6-22) seems to have an insignificant effect on this trend. 
For maximum velocities (shown in fig. 6-23) the trend in the 
values for slope ~ 0.027 is clearly different to the trend in the 
values at other slopes. For discharges up to q = ql' there is essen-
tially little change in maximum velocity (although there is consider-
able scatter in the data). Max~mum velocity then increases with 
increasing flow up to about the stable tumbling/unstable tumbling 
flow limit, reflecting the static scour hole shape over this range 
of flows. For flows in the unstable tumbling and shooting flow regimes, 
there is again very little change in maximum velocities. 
For slopes = 0.098, 0.172 and 0.248, there is no clear trend 
with changing slope. However, over the complete range of discharge, 
maximum velocities increase with increasing flow rate. 
The average and maximum velocities are indicative of the ero-
sive ability of the stream. For slope = 0.027, the stream will be 
least erosive over the range of flows up to ql. Beyond this value, 
both maximum and average flow velocities indicate a sudden increase 
in erosive potential. 
In general, some authors recommend avoiding the unstable tum-
bling flow regime because roll waves increase a channel's erosive 
capacity (Chow, 1959; Morris, 1968; Peterson and Mohanty, 1960; 
Schumm et aI, 1982). For slopes = 0.098, 0.172 and 0.248, it can 
be seen that it is not just the unstable tumbling and shooting flow 
regimes that should be avoided because of erosive danger. The dis-
cussion above shows that a channel begins to increase in erosive poten-
tial as soon as the downstream step begins to affect development of 
the scour hole. As shown in section 6.5.1, in the Torlesse Stream, this 
probably corresponds to a flood of more than a 25 yr return period. 
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6.5.4 Resistance to Flow 
The Darcy-Weisbach friction factors f shown in fig. 6-24 for 
clear water scour exhibit an interesting difference in trend from 
.those for clear water flow (fig. 5-16). At low flows, there is an 
initial increase in f for slopes 0.027, 0.098 and 0.172, followed 
by the same type of decrease noted in the clear water flow case. 
For slopes = 0.027, 0.098 and 0.172, resistance to flow in-
creases up to a point between ql and the discharge at which unstable 
tumbling flow qst begins (see fig. 6-24). The increase in resistance 
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to flow corresponds to increasing depth of scour. The flow rate at 
which friction factor f reaches a maximum corresponds closely to the flow 
rate q2 at which depth of scour S attains a maximum value (see fig. 
6-13). Beyond this flow rate, f decreases. The slowing in the de-
crease of f with increasing flow rate can be attributed to the increase 
in s 'in the shooting flow regime for the slope of 0.172 and 0.248 and 
in the unstable tumbling and shooting flow regimes for the slope of 
0.098. 
Fig. 6-25 shows a plot of A versus q. As in fig. 6-24, two 
distinct trends are apparent. In order to predict resistance to flow 
empirically, it was clear that two expressions would have to be evalua-
ted: one corresponding to the stable tumbling flow test runs in which 
f increased <-A decreased) with increasing flow, and one corresponding 
to the test runs where f decreased (~inCreaSed) with increasing flow. 
Stable Tumbling Flow; f Increasing 
A logarithmic equation was considered to be the most suitable 
form for expressing resistance to flow. 
Depth of flow at the point of maximum scour S may be considered 
-0 
to be a function o~ the hydraulic radius R. Further, depth of scour S 
may be considered to be equivalent to the effective roughness height 
k'. As Sand S are both reasonably easily measured in the field, it 
o So R. 
was decided to use ~ as the independent variable rather than i'. 
As noted in section 6.5.2, scour depth S as measured in these 
tests is a little different to scour depth S as shown in fig. 6-1. Thus 
an equation using field values of S will differ from one derived using 
model values. However, S field = ¢ (J) Smodel' and so the form of the 
equation derived using model values of scour depth will still be applic-
able to the field situation. 
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It was decided to use difference in elevation H' (i.e. fall) 
instead of slope. Thus, the system is defined as in fig. 6-4 (note 
that H' = 0.5 sina). No values of S were available for slope = 0.24S. 
a 
An equation was obtained by multiple regression 
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If = 5.657 (7.177 H' - 0.742) log SSo + 0.022 
H'l.197 · " 6.32 
Then 
where A 
and B 
II= f 
(7.177 HI - 0.742] 
0~022 
H'1.197 
S. 
a 5.607 A log s: + B • .. 6.33 
The fit of predicted and measured values shows reasonable agree-
ment (fig. 6-25). 
Unstable Tumbling and. Shooting flows; f Decreasing 
In the following derivation of the equation, no values of S 
a 
were available for the slope of 0.248. 
The equation found to give a good fit to the data was 
IQ_S = So '2 I ~ 5.657 (1.751) log -- + (- 395.0ll H + 4S.71 H' - l.832} 
f S • •• 6.34 
or 
rs S I y= 5.657 Cl.751} log SO + B 
where B (- 395.011 H'2 + 48.7l H' - 1.S32). 
A comparison of predicted and measured values is shown in fig:~ 
6-25. 
6.6 CONCLUSIONS 
The main conclusions for the tests of clear water scour in an 
artificial step-pool channel are as follows: 
(1) Three flow regimes were observed, namely 
(a) Stable tumbl~ng flow 
(b) Unstable tumbling flow 
(c) Shooting or rapid flow. 
(2) At the slope of 0.027, flow of magnitude greater than q 
6 3 -1/ . b umbl . . += h f 0.00 m s m ln the sta Ie t lng reglme was 0_ t e sur ace nappe 
form. Stable tumbling flow at the slopes of 0.09~, 0.172 and 0.248, 
was characterised by the plunging nappe profile. 
(3) At the slope of 0.027, flow in the stable tumbling regime 
was able to be I?redicted froIl) Il)easuxed Values qf S ~ r H ~, and IS. by the 
use of equations describing submerged weir flow. Further, at this 
slope, the onset of unstable tumbling flow was shown to occur as a 
result of the inability of the steps, acting as submerged weirs, to 
pass the imposed discharge. 
(4) Unstable tumbling flow for the slopes of 0.098 and 0.172 
(and thus, by implication, for J of 0.248) was seen to be associated 
with the flow at which the length of the submerged hydraulic jump 
(3.5 Y2) exceeded the distance from the start of the jump to the down-
stream step L . 
a 
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(5) It was shown that unstable tumbling flow was unlikely to be 
encountered in the field, due to paving, to irregularity of step spacing, 
and to the high flow required (of the order of a 25 yr flood in one 
case) . 
(6) Above a certain flow rate that is a function of slope, scour 
hole shape was shown to be strongly influenced by the downstream step. 
Deviations from the expected trend in shape were attributable to this 
influence (either directly, or indirectly through flow regime which is 
dictated by channel geometry). 
(7) For plunging nappe flows where the scour hole shape was not 
influenced by the downstream step, an empirical equation relating depth 
of scour to fluid, sediment, and channel properties was obtained. The 
equation 
S 
0.852 0:495 
.q. Hs· 
7.72 0.426 0.333 
g D90 
-TW ... 6.29 
indicates that the predicted scour depth conforms to the ultimate static 
limit of scour. 
(8) Average and maximum velocities suggest that a step-pool 
torrent will become potentially more erosive as the downstream step 
begins to limit the development of the scour hole. 
(9) Resistance to flow was shown to increase with increasing 
discharge to the point at which the downstream step influence was strong 
enough to cause depth of scour to decrease. 
resistance to flow then decreased. 
with increasing discharge, 
(lO) Empirical equations were obtained to predict resistance to 
flow for the increasing and decreasing resistance cases respectively. 
Both were of the form 
rs S 
.; t = 5.657 A log SO + B 
where B cp (slope) 
and A = cp (slope) for increasing resistance 
or const for decreasing resistance. 
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CHAPTER SEVEN 
SEDIMENT TRANSPORT IN AN ARTIFICIAL STEP-POOL TORRENT 
7.1 INTRODUCTION 
It has previously been established that the extreme irregularity 
of a boulder bed channel may be simulated by means of a succession of 
discrete weirs. A more realistic picture of step-pool stream behaviour 
is given when sediment is introduced between the weirs. This chapter 
details a further step in rendering the model more realistic still : 
sediment transport through the simulated step-pool system. 
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A single sediment size was used for these tests to prevent armour-
ing or paving. Thus the tests are still very much an idealisation of 
the natural situation. 
The objectives of the sediment transport series of tests were as 
follows: 
(a) Average and maximum velocities were to be measured to see 
when, with sediment transport, flow through a step-pool system would 
become potentially erosive. 
(b) To investigate the applicability of conventional sediment 
transport formulae to a step-pool system. 
(c) Flow regimes were to be observed to see if the model gave a 
reasonable representation of a natural step-pool streams behaviour. 
[Some material from this chapter has been prepared as a paper entitled 
'Erosion and sediment transport processes in step-pool torrents' by 
J.G. Whittaker and T.R.H. Davies. The paper is being presented to the 
first I.A.H.S. Scientific General Assembly, Exeter, U.K. (July 1982) in 
the Symposium 'Recent developments in the explanation and prediction 
of erosion and sediment yield'. A copy of the manuscript is found in 
Appendix 4]. 
7.2 SEDIMENT TRANSPORT THEORIES 
Yalin (1977) writes ' ... in spite of intense research activity, 
our knowledge of the mechanics of sediment transport, i.e. of the 
quantitative and universally applicable laws governing the motion of 
the transporting fluid and the transported sediment remains remarkably 
meagre'. This is certainly true for sediment transport in step-pool 
systems. 
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As discussed above, bedload transport rates in steep mountain 
streams are not controlled only by the availability of transportable 
bed material. A sediment transport model must, then, calculate trans-
port rates as a function of hydraulic conditions, sediment inflows, and 
changes in storage of the sediment being transported (Jackson, 1981). 
However, most theoretical sediment transport relationships are 
confined to cohesionless granular materials and to steady and uniform 
flows, which can only be treated as two-dimensional (Yalin, 1977). 
Because of these restraints, it is recognised that theoretical sediment 
transport relationships are inapplicable to steep mountain streams 
(Beschta, 1981; Hayward, 1978, 1980; Jackson, 1981). In spite of this, 
certain sediment transport relationships can be modified to account for 
some of the peculiarities of such streams. 
The 'Swiss formula' of Meyer-Peter and Mu~ler (1948, 1949) can 
be expressed as follows for the case of a steady and uniform two-dimen-
sional flow 
YJh 
Y D 
s 
[ )
1/3 
0.047 + 0.025 ~ Y D 
s 
.. . 7.1 
The original expression of Meyer-Peter and M~ller was not only 
restricted to plane beds and two-dimensional flows. 
prefexed by the multiplier m where 
YJh The term --- was 
YsD 
... 7.2 
Here J and Q are the slope and flow rate of the channel respectively; 
Ql is that part of Q whose energy is converted into eddying on the bed; 
J
r 
lS the purely frictional part of the slope. In general, ill ~ 1. 
Ashida et al (1976, 1981) recognised that the rollers in the 
pools at the bottom of steps consume considerable energy, and therefore 
the effective slope for transportation of sediment should be much flatter 
than actual topographical inclination. Further, they found that when 
storage of sediment within the channel exceeded a certain value, sediment 
transport approached a sort of equilibrium, where flow rates and sedi-
ment discharges were related, i.e. a bedload formula could be used. 
Consequently, they suggested modifying the Meyer-Peter and Mu~ler for-
mula for these conditions, i.e. m < 1. In this sense, m can be con-
sidered an 'efficiency' of bedload transport. 
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Hayward (1978, 1980) found that for the Torlesse stream, Bag-
nold's (1966) concept of stream power and efficiency of the stream 
power for bedload transport showed close agreement with measured values. 
Conventional bedload prediction equations were found to over-estimate 
sediment yields by up to several orders of magnitude. The proportion 
of stream power expended in bedload transport in 'average conditions' 
was found to be less than 1%. 
Using the symbols of Yalin (1977), Bagnold (1956) gave this 
efficiency as eb where 
where tan 1/Jo 
qs 
and uD . 
Then 
(tan 1/J ) 
o [T - (T) ]u
D o 0 cr 
friction slope of the channel 
specific transport rate 
velocity in the vicinity of the bed. 
but To ~ is stream power w 
e b 
tan 1/J 
o 
[w - W ] 
o 
• •• 7.3 
• •• 7.4 
.•. 7.5 
However, in his 1966 paper, Bagnold derived the equation (consider-
ing only the bedload part) 
where u 
m 
Then 
= T 
o 
u 
m tan 1/J 
o 
mean velocity of flow. 
W 
tan 1/J
o 
¢l (x, Y, w) (Yalin, 1977) 
• .• 7 .6 
•.• 7.7 
where X 
y 
w 
and <Pl 
v*D 
-V-' the grain-size Reynolds number 
Pv* 2 
= --- a mobility number Y D ' 
s 
Ps 2.65 - = 
P 
= a function of 
Thus eb cannot be chosen arbitrarily. Using flume data, Bagnold 
(1977) showed that 
[ ] 3/2 2/ 1 w - Wo ~- 3 
--...,.- ------ x -
tan ~o W 1/2 D ... 7.8 
o 
where w , the value of W at the onset of sediment motion was introduced 
o 
to remove curvature from a log-log plot of qsb versus w. 
so 
•.• 7.9 
implying ... 7.10 
h 
where Z =0' a dimensionless granular roughness. 
From a fairly incomplete graph, Leopold and Emmett (1976) tenta-
tively proposed efficiencies ranging from 25% for fine sand to about 1% 
for particles of 30 mm to 50 mm. 
Bagnold (1977) implied that at high slopes w would be augmented 
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by an additional element qsbJ due to the gravity component acting directly 
on the solids. This makes the formula inapplicable to streams at high 
slopes, other than step-pool mountain torrents. The formula is still 
applicable to mountain torrents because flows of super-saturated solids 
are far more difficult to instigate in step-pool beds than on a steep 
plane bed. Obviously then, for torrents the efficiency e b will be affec-
ted by the falls and pools; however, the relationship between this effect 
on eb due to falls and pools and the increase due to the component qsbJ 
is not known. 
A different approach to the effect of deviating from the plane 
bed assumption was used by Jaggi (1978), who presented the Meyer-Peter 
and Muller formula in the dimensionless form 
0.667 
gRJ 0.047 + 0.25 ~ qb D1.~ .•• 7.11 = (s-l)g D (S_1)0.5 gO.5 
or 8 0.047 + 0.25 <p 0 . 667 ... 7.12 
where 8 gRJ D and <p 
qb 
(s-l) g (s_1)0.5 gO.5 D1. 5 
Considering the effect of form roughness (of which steps and 
pools may be considered to be gross components), Meyer-Peter and MUller 
reduced the product R J (where R = hydraulic radius of partial area 
s s 
acting on the bed) by the factor 
Here k is a Strickler roughness coefficient which indicates total bed 
s 
resistance, while k is the' grain roughness only. 
r 
The exponent 1.5 was 
determined empirically. R was introduced to account for the effect of 
s 
cross-sectional or bank roughness, and thus can be considered to be the 
result of a wall correction procedure. (For the evaluation of R , see 
s 
Jaggi (1978». 
Instead of 8 being used, 8' is determined as 
8' L
1. 5 
~ R J 
k s 
r 
(s-l) D 
m 
•.• 7.13 
Jaggi (1978) states that the region of validity of the Meyer-
Peter and MUller equation is 
° < 8' < 0.2 
with 1:s11 • 5 ~ 0.75, this limits the applicability of the formula to 
slope 6 less than 2% (J~t"ggi, 1978). Ja'ggi simplified Einstein's 
(1942, 1950) bedload formula to 
P 
1 
1 - rn 
0.143 
f 
l/J-2 
-(0.143 l/J-2) 
43.5 <Ib 
1 + 43.5 <Pb 
... 7.14 
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where P is the probability of grains being transported. The probability 
integral is tabulated in specialised literature, and from such tables 
Einstein has diagramatically presented the formula as a relation 
between ~ and ¢b. 
p - p 
s D 
P RJ 
(s-l) g D 
gRJ 
1 
8 ••. 7.15 
To account for the loss due to ,form drag, Einstein introduced 
reduced inverse relative shear stress 
Here 
~' (s-l) D R' J 
R' + R" = R 
s 
(see also Yalin, 1977, p 133) 
where R" = part of the hydraulic radius due to form drag. 
... 7.16 
..• 7.17 
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Jaggi (1978) states the region of validity of Einstein's relaion-
ship as 0 < 8' < 1.0, i.e. the Einstein formula can be used at slopes 
of up to about 20% for typical values of R' in rivers. 
For riffle-pool gravel bed rivers (such as discussed in section 
2.4), the Meyer-Peter and MUller formula is disadvantaged in that it 
assumes that all grains are in motion (Jaggi, 1978), which does not 
allow for formation of an armour layer. If gradation of transported 
material is small, Einstein uses D35 as a representative grain size in 
his formula. However, if there is a significant difference between D 
m 
and D35 , bedload can be calculated step-wise using 
D = tD D 1 2 .•• 7.18 
where Dl and D2 are the limiting diameters of the part of the sediment 
under consideration. For low transport rates, an armour layer could 
presumably be evaluated. 
Ashida et al (1981) recognised that sediment transport occurs 
in modes other than that of simple bedload. They listed the primary 
modes of sediment transport mathematically as 
T = 
*c 
0.4 x 101. 72 I 
... 7.19 
c* (ps - p) tan ¢ 
.a I h 
c* (p - p) + p(l + -) s D 
••• 7.20 
c* (p - p) tan ¢ s a I 
-1 
"C* (ps - p) + p(l + K ) 
... 7.21 
where c* 
h 
D 
I(tan a) 
T*c 
Ps and P 
<Pa 
and K 
c* (Ps - p) tan <Pa I (p
s 
p) ••• 7.22 c* - + P 
I = tan a ... 7.23 
grain concentration in volume in the static debris bed 
depth of flow 
diameter of grain 
channel slope 
Shield's value of critical tractive force 
densities of grain and fluid respectively 
internal friction angle 
an experimental constant. 
By plotting these equations, the various types of transport mode 
are delineated (fig. 7-1). 
10'+ 
10 c.=0-7 
Cf=2-65 
p=1-0 
tan ~= 0-8 
1 1('=0-7 
Eq.7-20 
0001 001 
tan a 
Eq.7-22 
P, 
Figure 7-1: Criteria for various 'modes of sediment transport (After 
Ashida et al., 1981). 
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Ashida et al (1981) note that the region to the right of a 
particular curve is for the occurrence, not the movement; e.g. a debris 
flow can sometimes reach downstream areas with rather mild slope. As 
noted in an earlier paper (i.e. Ashida et aI, 1976) when commenting on 
applying the Meyer-Peter and MUller formula to bedload prediction, the 
effective slope for sediment transport in step-pool streams should be 
much flatter than the topographic inclination of the channel. 
Thus, equation 7.19 would need to be moved to the left in the 
diagram according to the extent of the energy dissipation in the pools. 
Mizuyama (1981) describes the characteristics of the three types of 
debris flow arising from the classification. 
Type 1 : Mild Slopes; sediment concentration in the moving 
layer is high, but the surface flow is clearly 
seen. Although this is sometimes regarded as 
individual transport on a mild slope, in steeper 
slopes it is regarded as mass movement because 
the moving sediment layer has a velocity distri-
bution. 
Type 3 
Type 2 
The bore of the flow is clearly seen, with coarser 
materials gathering in the front of the flow. The 
surface flow can not be seen. 
This is a variation of Type 3. At the front of 
the flow a bore forms, but stops, creating a dune. 
This builds, until the flow moves on (to stop again 
etc) . 
Type 1 is considered to be a transitional debris flow, or an 
intermediate phenomenon between debris flow and bedload transport. 
All the above relations are concerned with sediment transport 
processes in the stream channel itself. However, as noted in Chapter 
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2, sediment supply is often a limiting factor, and so any transport 
formula adjusted for energy dissipation in pools will only given an 
upper envelope of actual transport occurring in the field. Griffiths 
(1980) developed a stochastic model of bedload yield from step-pool 
streams taking this into consideration. He predicted the total expected 
bedload yield from a given basin, in a prescribed interval, through the 
convolution of a Poisson number of events with an exponential probabi-
lity of bedload yield. The exponential distribution is defined from 
regional flood frequency relations, an empirical bedload transport 
formula, and flow records from a nearby basin within the same hydro-
logic regime as the one under consideration. Griffiths recognised 
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that the application required input data from a nearby r.eference catch-
ment, but despite this difficulty, emphasised the potential of the 
methodology for dealing with bedload transport in mountain watersheds. 
7.3 TESTS 
In this series, tests were performed at slopes of 0.027, 0.098, 
0.172 and 0.248. At each slope, several values of flow rate were 
investigated. For each flow rate, a series of sediment transport 
rates were introduced. When equilibrium had been established, i.e. 
the sediment output rate from the flume equalled the sediment input 
rate, average (and maximum) velocities were measured using the salt-
velocity technique. Photographs were also taken to allow the extent, 
dimensions and shape of the scour to be determined. 
7.4 RESULTS 
The results for this series of tests are listed in table 7.1. 
7.4.1 Flow Regime 
The flow regimes discussed in section 6.5.1 provide initial 
conditions for the regimes realised with sediment transport. Slope 
and sediment transport rate influenced regime markedly, resulting in 
the regimes shown in fig. 7-,..2 (a) to (c). 
One clear feature of fig. 7-2 is the occurrence of sediment 
waves which form despite constant sediment input. Observations of 
the trends in the form of the scour hole with sediment transport are 
listed in Appendix 5. 
7.4.2 Scour with Sediment Transport 
Values of % scour for this series of tests were evaluated by 
the procedure described in section 6.4.2. The results are listed in 
table 7.1, and % scour is plotted against 'transport rate in fig. 7.3(a) 
to (d). 
TABLE 7.1 RESULTS OF SEDIMENT TRANSPORT TESTS 
I Sediment Depth of Specific Mean Maximum Depth Hydraulic Froude Friction Depth of 
Run Slope Discharge Transport Velocity Velocity h Radius Number Factor Scour 
Flow at Max % Scour 
Number J q(m3s-1/m) Rate (m/s) (m/s) (m) R(m) F f S (m) Scour (kg/min) v v S (m) Q
s 
m max 0 
65 0.098 0.022 0.000 0.185 0.296 0.117 0.116 0.224 26.29 0.135 0.148 -
64 0.098 0.022 1.525 0.216 0.347 0.100 0.099 0.283 16.46 0.102 0.124 16.39 
81 0.098 0.022 2.139 0.269 0.529 0.083 0.082 0.387 8.79 0.093 0.114 14.83 
1 0.098 0.022 2.791 0.390 0.503 0.057 0.056 0.677 2.85 0.087 0.102 12.15 
2 0.098 0.022 3.678 0.577 0.718 0.039 0.038 0.933 0.88 0.078 0.093 10.80 
4 0.098 0.022 5.352 0.644 0.773 0.035 0.034 1.427 0.63 0.051 0.059 6.02 
3 0.098 0.022 5.852 0.790 - 0.028 0.027 1.957 0.33 0.045 0.051 5.57 
5 0.098 0.021 9.096 0.616 1.005 0.034 0.033 1.385 0.67 0.024 0.033 -0.30 
6 0.098 0.023 11.197 0.753 - 0.030 0.029 1.802 0.39 - - 0.54 
66 0.098 0.039 0.965 0.267 0.437 0.145 0.144 0.291 15.59 0.146 0.180 35.52 
67 0.098 0.039 4.862 0.306 0.591 0.126 0.125 0.357 10.29 0.104 0.128 20.75 
68 0.098 0.039 8.775 0.501 0.914 0.077 0.075 0.749 2.32 0.046 0.072 4.80 
69 0.098 0.039 11.878 0.907 0.914 0.043 0.041 1.813 0.38 0.043 0.067 4.05 
7 0.098 0.058 2.329 0.404 0.523 0.144 0.142 0.441 6.71 0.124 0.186 31.07 
I 8 0.098 0.058 3.991 0.492 0.613 0.118 0.116 0.594 3.69 0.114 0.155 27.34 
I 9 0.098 0.058 5.688 0.516 0.644 0.113 0.110 0.636 3.21 0.101 0.142 22.82 t 
l' 
TABLE 7.1 CONTD. 
Specific Sediment Mean Maximum Depth Hydraulic Froude Friction Depth of 
Depth of 
Run Slope Discharge Transport Velocity Velocity h Radius Number Factor Scour Flow at Max % Scour Number J q(m3s-1/m) Rate (m/s) (m/s) (m) R(m) f f S (m) Scour (kg/min) v v S (m) Q
s 
m max 
'0 
I 
10 0.098 0.058 9.611 0.627 0.698 0.092 0.089 0.857 1. 76 0.082 0.131 15.90 
11 0.098 0.058 13.098 0.711 0.761 0.081 0.078 1.036 1.20 0.081 0.110 13.84 
12 0.098 . 0.091 1.441 0.542 0.628 0.168 0.164 0.548 4.32 0.112 0.192 28.19 
13 0.098 0.091 3.059 0.547 0.739 0.166 0.162 0.557 4 t 19 0.106 0.194 26.03 
14 0.098 0.091 4.975 0.623 0.810 0.146 0.142 0.676 2.82 0.096 0.159 22.14 
15 0.098 0.091 7.665 0.666 0.866 0.137 0.133 0.746 2.31 0.089 0.160 20.77 
16 0.098 6.091 12.558 0.811 0.89] 0.113 0.108 1.000 1.27 0.086 0.141 18.21 
17 0.098 0.127 2.202 0.739 0.966 0.171 0.165 0.741 2.33 0.096 0.169 23.89 
18 0.098 0.127 3.683 0.839 1.092 0.151 0.144 0.895 1.59 0.091 0.166 21.88 
19 0.098 0.127 5.817 0.834 1.142 0.152 0.146 0.887 1.62 0.082 0.148 18.97 
20 0.098 0.127 8.153 0.850 1.092 0.149 0.142 0.913 1.52 0.084 0.139 17.98 
21 0.098 0.127 12.939 0.915 1. 396 0.138 0.131 1.021 1.21 0.068 0.127 15.09 
78 0.027 0.033 0.000 0.468 0.838 0.070 0.066 0.687 0.64 0.032 0.055 4.59 
77 0.027 0.033 0.599 0.754 1.117 0.044 0.039 1.396 0.15 0.017 0.047 2.02 
70 0.027 ' 0.033 1.318 0.757 1.142 0.043 0.038 1.418 0.14 0.009 0.036 -0.85 
! 
TABLE 7.1 .CONTD. 
Specific Sediment Mean Maximum Depth Hydraulic Froude Friction Depth of Depth of Run Slope Discharge Transport Velocity Velocity h Radius Number Factor Scour Flow at Max % Scour Number J q(m3s-1/m) Rate (m/s) (m/s) (m) R(m) F f S (m) Scour (kg/min) v v S (m) Qs m max 0 
22 0.027 0.033 li.827 0.835 1.142 0.040 0.035 1.622 0.11 0.006 0.040 -0.84 
23 0.027 0.033 3.642 0.826 1.256 0.040 0.035 1.604 0.11 DEPOSITION -8.93 
80 0.027 0.077 0.000 0.562 0.718 0.138 0.128 0.588 0.86 0.064 0.175 16.07 
79 0.027 0.077 0.377 0.761 0.966 0.102 0.091 0.926 0.33 0.037 0.115 7.41 
71 0.027 0.077 1.377 0.801 1.047 0.097 0.086 0.999 0.28 0.035 0.083 6.12 
24 0.027 0.077 2.181 0.903 1.256 0.086 0.074 1.196 0.19 0.039 0.088 6.78 
25 0.027 0.077 5.052 1.127 1.675 0.069 0.056 1.667 0.09 0.013 0.066 0.36 
26 0.027 0.077 7.312 1.106 1.675 0.070 0.057 1.624 0.10 DEPOSITION -2.63 
76 0.027 0.109 0.571 0.771 0.897 0.141 0.125 0.798 0.45 0.050 0.147 13.18 
72 0.027 0.109 1.414 0.928 1.092 0.117 0.100 1.054 0.25 0.051 0.134 11.92 
27 0.027 0.109 2.545 0.986 1.196 0.110 0.093 1.155 0.20 0.036 0.104 7.42 
28 0.027 0.109 5.810 1.140 1.675 0.095 0.077 1.437 0.13 0.018 0.091 2.04 
29 0.027 0.109 8.809 1.237 1.675 0.088 0.069 1.620 0.10 DEPO?ITION -4.38 
73 0.027 0.138 0.000 0.759 0.931 0.182 0.162 0.691 0.60 0.070 0.206 18.02 
75 0.027 0.138 0.864 0.910 1.196 0.152 0.131 0.907 0.33 0.060 0.186 13.62 
TABLE 7. 1 CONTD. 
Specific Sediment Mean Maximum Depth Hydraulic Froude Friction Depth of Depth of Run Slope Discharge Transport Velocity Velocity h Radius number Factor Scour Flow at Max % Scour Number J q(m3s-1/m) Rate (m/s) (m/s) (m) R(m) F f S (m) Scour (kg/min) v v S (m) Qs m max 0 
31 0.027 0.138 1.363 0.875 1.142 0.157 0.136 0.858 0.38 0.048 0.166 10.99 
74 0.027 0.138 2.137 0.988 1.322 0.140 0.118 1.026 0.26 0.034 0.136 7.52 
30 0.027 0.138 2.933 1.107 1.322 0.124 0.101 1.221 0.18 0.031 0.124 6.66 
32 0.027 0.138 6.822 1.179 1. 795 0.117 0.094 1. 339 0.14 DEPC SITION -3.19 
33 0.027 0.140 9.424 1.330 1. 795 0.105 0.080 1.595 0.10 DEPC SITION -4.19 
48 0.172 0.012 2.253 0.118 0.372 0.101 0.101 0.162 96.32 0.101 0.097 11.44 
49 0.172 0.012 3.995 0.136 0.479 0.087 0.087 0.201 62.44 0.082 0.080 8.86 
50 0.172 0.012 6.730 0.148 0.558 0.080 0.080 0.229 48.47 0.064 0.073 5.79 
51 0.172 0.012 10.102 0.184 0.558 0.065 0.065 0.315 25.45 0.046 0.054 3.02 
52 0.172 0.012 13.460 0.309 0.628 0.038 0.038 0.692 5.26 0.035 0.041 0.99 
39 0.172 0.017 1.355 0.161 0.347 0.105 0.105 0.217 53.74 0.148 0.141 22.41 
40 0.172 0.017 3.408 0.157 0.347 0.106 0.106 0.211 57.05 0.121 0.120 16.77 
41 0.172 0.017 5.089 0.192 0.402 0.087 0.087 0.284 31.28 0.098 0.102 11.18 
42 0.172 0.017 7.335 0.212 0.529 0.079 0.079 0.330 22.29 0.092 0.098 10.89 
43 0.172 0.017 11.384 0.246 0.591 0.068 0.068 0.412 14.87 0.071 0.081 7.72 
1 
TABLE 7.1 CONTD. 
Specific Sediment Mean Maximwn Depth Hydraulic Froude Friction Depth of Depth of Run Slope Transport Flow at Max Discharge Velocity Velocity h Radius Number Factor Scour % Scour Number J q(m3s-1/m) Rate (m/s) (m/s) (m) R(m) F f S (m) Scour (kg/min) v v S (m) Qs m max 0 
34 0.172 0.028 1.706 0.187 0.299 0.149 0.148 0.212 56.49 0.174 0.179 33.41 
35 0.172 0.028 3.592 0.211 0.375 0.132 0.131 0.254 39.28 0.167 0.171 33.56 
36 0.172 0.028 5.999 0.214 0.314 0.130 0.129 0.259 37.60 0.135 0.151 33.27 
37 0.172 0.028 8.781 0.279 0.457 0.100 0.099 0.386 16.99 0.111 0.128 16.71 
38 0.172 0.028 11.068 0.279 0.529 0.100 0.099 0.386 16.99 0.103 0.126 13.70 
44 0.172 0.049 1.401 0.236 0.375 0.208 0.207 0.226 49.44 0.225 0.259 61.61 
45 0.172 0.049 3.438 0.269 0.419 0.181 0.180 0.276 33.08 0.202 0.232 52.02 
46A 0.172 0.049 6.150 0.278 0.419 0.177 0.176 0.289 30.28 0.188 0.218 47.28 
46 0.172 0.049 9.265 0.287 0.457 0.171 0.170 0.303 27.44 0.177 0.206 43.80 
47 0.172 0.049 11.549 0.315 0.558 0.157 0.156 0.347 20.90 0.171 0.199 41.11 
53 0.248 0.012 2.403 0.112 0.324 0.111 o .Hl 0.145 182.93 0.135 0.115 20.67 
54 0.248 0.012 3.816 0.130 0.503 0.091 0.091 0.195 101.56 0.114 0.097 17.98 
55 0.248 0.012 6.785 0.150 0.558 0.075 0.075 0.259 57.36 -
- -
56 0.248 0.012 10.619 0.149 0.718 0.079 0.079 0.240 67.09 - - -
! 57 0.248 0.012 14.091 0.157 0.718 0.075 I 0.075 0.259 57.36 - - -
i 
I-
.... 
V 
TABLE 7.1CONTD. 
Specific Sediment Mean Maximum Depth Hydraulic Froude Friction Depth of 
Depth of 
Run Slope Transport Flow at Max 
Number J Discharge Rate Velocity . Velocity h Radius 
Number Factor Scour % Scour 
q(m3s-1/m) (m/s) (m/s) (m) R(m) F f S (m) Scour , (kg/min) v v S (m) Qs m max 0 
59 0.248 0.027 2.780 0.191 0.437 0.139 0.139 0.232 71. 78 0.190 0.178 38.24 
60 0.248 0.027 6.223 0.183 0.372 0.145 0.145 0.217 81.58 0.166 0.155 30.59 
61 0.248 0.027 9.358 0.193 0.419 0.137 0.137 0.236 69.29 0.151 0.152 27.96 
62/63 0.248 0.027 13.201 0.226 0.419 0.117 0.117 0.299 43.12 0.132 0.134 24.13 
Also listed in table 7.1 are scour depth S, and depth of flow at 
the point of maximum scour So' 
7.4.3 Average and Maximum Velocities 
Values of average and maximum velocities for each test are lis-
ted in table 7.1. Further, average velocities are plotted versus sedi-
ment transport rate in fig. 7-10, while maximum velocities are plotted 
versus sediment transport rate in fig. 7-11. 
7.4.4 Resistance to Flow 
Darcy-Weisbach friction factor f was calculated for each test 
using the wall correction procedure as outlined in Gessler (1965). 
Average velocity was used for the velocity value in the calculation. 
Values are listed in table 7.1, and are plotted in fig. 7-12 versus 
sediment transport rate. 
7.5 DISCUSSION OF RESULTS 
7.5.1 Flow Regime 
177 
The distinct flow regimes observed for the clear water flow and 
clear water scour cases break down very quickly as sediment transport is 
introduced to the model. 
Slope = 0.027 
The flow regimes observed for slope = 0.027 are shown in fig. 
7-2(a). An interesting feature is the increase in the stable tumbling 
flow regime zone with increasing Q , with a consequent decrease in the 
s 
zone of unstable tumbling flow. Sediment waves, shown as a regular 
variation in the degree of pool infilling formed at low sediment 
transport rates. 
Slope = 0.098 
The regimes shown in fig. 7-2(b) are radically different from 
those occurring at slope = 0.027. The zone of unstable flow is much 
larger, although the intensity of the instability decreases with increas-
ing sediment transport rate. Interestingly, flow instability occurs at 
higher values of Q for test runs which were initially of the stable 
s 
tunbling regime. 
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Slapes= 0.172 and 0.248 
All the flaw-sediment transpart rate cambinatians far J = 0.248 
shawed the flo.w to. be stable tumbling, with no. accampanying sediment 
wave farmatian. 
Fig. 7-2(c) shaws that far tests perfarmed at slape = 0.172, 
sediment waves farming under stable tumbling flaw triggered a flaw in-
stability at law flaw rates. 
General 
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RaIl waves in an alluvial enviranment are seen to. be dangeraus 
because af their patential erasivity (Marris; 1968; Schumm et. aI, 1982) . 
Therefare, it is af interest to. evaluate the likelihaad af raIl waves 
accurring in alluvial channels. The present tests indicate that far 
steep slapes, they will accur even at law flaw rates if the sediment 
transpart rate is sufficiently high (see fig. 7-2(c)). Hawever, as 
flaw rate increases, a much higher sediment transpart rate is required 
to. praduce unstable flaw. 
Input af sediment to. a steep mauntain stream is usually af a bulk 
nature, and usually anly accurs at reasanably high flaw rates. with much 
sediment available far transpart fig. 7-2(b) and (c) indicate that flaw 
instability may accur under such flaw canditians, and an the receding 
limb af the hydragraph. 
Hawever, sediment fram a bulk input travels thraugh a steep maun-
tain stream as a discrete wave. Any flaw instability generated wauld 
accur anly in the vicinity af such a wave. The likelihaad af their 
incipient generatian is reduced by the randam step length camman in 
mauntain streams (Rause, 1938). If raIl waves did farm, they wauld be 
absarbed by the nan-sediment-inundated channel immediately dawnstream 
af the sediment wave. The labaratary tests thus indicate that unstable 
flaw cauld anly accur rarely in natural streams with sediment input. 
7.5.2 Scaur 
Fig. 7-3(a) to. (d) shaws % scaur versus sediment transpart rate 
far different rlaw rates and slapes. 
Slape = 0.027 
At this slape (fig. 7-3(a)) % scaur decreases rapidly with increas-
ing sediment transpart rate. Flaw regime plays an impartant part in this 
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Figure 7-3(a): Plot of % scour versus sediment input rate (J = 0.027). 
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relationship (see section 7.5.1). The lower two flow rates, both with 
the initial regime of stable tumbling flow, show threshold sediment 
transport rates above which scour ceases, and deposition of sediment 
occurs. Similarly, the next higher flow rate, with the initial regime 
186 
of unstable tumbling flow, exhibits a higher threshold again. However, 
the threshold required to produce deposition for the highest flow rate 
(initial regime is shooting flow) is reduced from that of the flow rate 
with the initial regime of unstable tumbling flow. Obviously the clock-
wise eddy (flow down the channel assumed to be from left to right) results 
in the shooting flow regime being less effective in transporting sedi-
ment through the stepped system, allowing filling of the scour zone at 
lower Q values. 
s 
Slope = 0.098 
% scour decreases with increasing Q at about the same rate or 
s 
less rapidly for this slope than assumed for slope = 0.027 (see fig. 
7-3(b». No net deposition occurred for any flow rates. Instead, the 
% scour associated with the lowest flow rate asymptotically approaches 
zero. Similarly, the next higher flow rate indicates a strong reduction 
in % scour with increasing Q toward an asymptotic value. The standard 
s 
errors show, however, that strong sediment wave formation is occurring. 
As the flow rate increases, a change in trend of % scour with 
Q is noticeable. 
s 
The trend in % scour for the two highest flow rates 
(both with initial regime of unstable tumbling flow) suggests that very 
higb transport rates would be required to reduce the % scour to zero. 
(Their relative positions reflect the respective values of % scour at 
Q = 0) • 
s 
Slopes = 0.172 and 0.248 
For these slopes, figs.7-3(c) and (d) tend to indicate an 
almost linear relationship between % scour and sediment transport rate. 
General 
Fig. 7-3 tends to indicate a continuous trend in behaviour of 
scour reduction with increasing sediment transport rate and increasing 
slope. At slope = 0.027, the scour zone is easily swamped with gravel, 
while at higher slopes the system becomes much harder to inundate with 
gravel. 
An interesting feature of the tests performed was that, with 
steady inputs of water and sediment not only 'the previously mentioned 
l87 
Figure 7-4: Sediment waves. 
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roll waves but also sediment waves occurred independently (see Appendix 
5). The sediment waves were manifested by periodic variations in the 
degree of pool infilling along the channel, as is observable from the 
standard error values shown in fig. 7-3. Some of these waves are shown 
in fig. 7-4. 
With an initial regime of stable tumbling flow, the waves of 
sediment sometimes precipitated flow instability by deforming the scour 
zone. However, with an initial regime of unstable tumbling flow, increas-
.ing sediment transport rate tended to damp the instability. At higher 
sediment transport rates when strong sediment waves were present, the 
flow modification due to the . boundary sometimes caused complex patterns 
of flow instability. 
As noted in section 2.4, sediment input to a step-pool channel is 
usually of a bulk nature. Further, .these bulk inputs tend to travel 
through a step-pool system as discrete waves (Ashida et aI, 1976; Hayward, 
1978, 1980). However, while sediment waves moved through their sampling 
station, Ashida et al (1976) noted that there was a great variability in 
sediment transport rate, despite the averaged time rate of transport 
being essentially constant. This variability maybe caused by waves 
such as observed in the model. Thus the long wave due to the bulk input 
is moved as a series of smaller waves. The actual mechanism of transport 
was seen to operate as follows: 
Consider a pool at time tl (fig. 7-5) 
Figure 7-5: Pool at time t l . 
With sediment transport, sediment is not moved continuously 
through the step-pool system, but instead deposits on the downstream 
side of the pool (fig. 7-6), until at time t2 the following situation 
is. attained. 
Figure 7-6: Pool at time t 2 . 
deposited 
sedimQnt 
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As with the mechanism causing the distortion of scour hole shape 
(section 6.5.3), this accumulation of gravel forces the scouring jet to 
rise prematurely. At some stage of the accumulation (say time t 2), how-
ever, the situation becomes unstable, and the extra sediment is washed 
out en mass, and the pool reverts to the shape it has at time t l . In 
this way, sediment is moved through the system in discrete amounts. 
The distance the discrete amounts of gravel move, however, is determined 
by the flow and sediment transport rates. 
At lower slopes the instability tends to transport the sediment 
out of the pool and deposit it over several pools. Thus long low waves 
form; at some value of sediment transport rate the differences in scour 
are observable over a length of channel. The process may be visualised 
190 
as follows (fig. 7-7). 
The flow pattern change accompanying the sediment movement may 
be slight, and only observable as an oscillation in pool level with no 
change in direction of the eddy. conversely, the instability may amplify 
over the sediment wave immediately downstream and develop into a roll 
wave proper. 
At higher slopes, sediment is transported through the step-pool 
system more easily than at lower slopes. At low sediment transport rates, 
when the accumulated sediment does move it may be carried and deposited 
over several pools. As Q increases, the accumulation process accele-
s 
rates, sediment moves more quickly, and the result is the two-tier pool 
structure shown in fig. 7-8. At all slopes with increasing sediment 
transport rate sediment wave length decreased and velocity of the sedi-
ment waves increased. Further, wavelength decreased with increasing 
slope. 
Run 5 (slope = 0.098) was characterised by sediment almost 'chok-
ing' the channel. Flow occurred in waves, with no flow occurring between 
the waves (see fig. 7-9(a) and (b». This behaviour of the step-pool 
system is seen to be similar to that of a type 2 debris flow as clas-
sified by Mizuyama (1981) (see section 7.2). 
This development suggests that the sediment waves seen in natural 
channels (Hayward, 1978, 1980; Ashida et aI, 1976) are retained in their 
coherent form as they pass along the channel by an intrinsic tendency 
toward non-uniformity in sediment motion. 
7.5.3 Average and Maximum Velocities 
Slope = 0.027 
For a given flow rate q, average velocity v increased rapidly 
m 
. with Q , until a threshold was reached, corresponding to complete fil-
s 
ling of the pools with sediment (see fig. 7-10). For higher values of 
Q there was essentially no further increase in v , and plane bed flow 
s m 
with deposition above the level of the baffles occurred. 
The same trend is evident from fig. 7-11 for maximum velocities. 
Both average and maximum velocities increase with flow rate for a given 
sediment transport rate. 
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Figure 7-7, Sediment transport process causing long. low waves. 
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Figure 7-8£ .Two tier pool structure caused by sediment waves. 
Figure 7-9: Choking of channel with sediment (Run 5). 
1-2 
Subscripts used with q distinguish different 
flbw cases for each slope. They are 
not used as in chapter 6. 
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Figure 7-10: Plot of average velocity versus sediment transport rate 
(for various values of specific discharge)_ 
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Slope = 0.098 
Initially vm increased only slightly with Q
s 
(q constant) until 
with the two lowest flow rates, drowning of pools by sediment began to 
occur and v increased more rapidly (see fig. 7-10). Again a threshold 
m 
was reached at which the pools were. filled with sediment and the in-
crease in v ceased. 
m 
At higher flow rates no significant drowning of 
pools occurred and only a small increase in v was observed with increas-
m 
ing transport rate. 
As at slope 0.027, the trend in maximum velocities (see fig. 
7-11) follows that of the average velocities. 
Slopes 0.172 and 0.248 
Only the lowest flow at slope = 0.172 showed a significant in-
crease in v , and that at a high value of Q. For the other flows, no 
m s 
significant drowning of the pools with sediment occurred, and v in-
m 
creased only slightly with Q . 
s 
At these slopes, however, maximum velocities deviate from the 
trend of the average velocities. Fig. 7-11 shows that for a given value 
of Q ,v decreases with increasing flow rate. 
s max 
General 
For a given flow rate, it is seen that as pools become filled 
with sediment, an increase in v and v ,and hence erosive capability, 
m max 
does indeed occur. However, drowning is much more difficult to achieve 
at steep slopes, requiring very large values of Q
s 
at moderate flows. 
Maximum values of v and v are attained when pools are completely 
m max 
drowned. Field studies (Hayward, 1978, 1980) describe and illustrate 
severe bank undercutting due to the drowning of pools by sediment. It 
is of particular interest that erosion is likely even at relatively low 
flow rates as pools become filled with sediment. It seems likely that 
a positive feedback may increase the erosive capability in that as the 
pools in a reach of stream are partly infilled, erosion of adjacent 
banks becomes possible, further increasing the degree of infilling and 
thereby bank erosion. Drowning ofa step-pool system by a combination 
of high flow and sediment transport rates can easily occur in a 10 to 
25 year event (Hayward, 1980). 
7.5.4 Resistance to Flow 
Slope = 0.027 
Initial values of Darcy-Weisbach friction factor f (i.e. at 
Q = 0) reflect the trend shown in ,fig. 6-24 for the different flow 
s 
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rates. with increasing sediment transport rate, f decreases rapidly 
at first (see fig. 7-12(a», and then more slowly. The rapid decrease 
occurs over the range of Q values where the pools become drowned with 
s 
sediment (see fig. 7-3(a». The slower decrease coincides with the 
region of plane bed flow caused by deposition of sediment. 
Slope = 0.098 
Again, initial values of f at Q = 0 reflect the trend shown in 
s 
fig. 6-24. However, the rate of decrease of f with Q follows the 
s 
trend for modification of % scour with Q 
s 
(see fig. 7-3(b». Thus the 
values of f for the lower flow rates decrease more quickly with Q 
s 
the values for higher flow rates (see fig. 7-12(b». 
Slopes = 0.172 and 0.248 
than 
Fig. 7-12(c) to (d) confirm the observations made for the other 
two slopes. That is, values of f at Q = 0 reflect the trends shown in 
s 
fig. 6-24, and f decreases more quickly with Q for lower flow rates. 
s 
General 
Fig. 7-12 shows that greater resistance to flow occurs at higher 
slopes than lower. Further, resistance to flow at any slope depends on 
the extent of the scour hole. Thus, at lower flow rates where the scour 
hole size decreases rapidly with sediment transport rate, resistance to 
flow also decreases rapidly. 
This behaviour confirms the conclusions drawn about a step-pool 
channel's erosive capability from average and maximum velocity values. 
That is, a step-pool channel may suddenly increase in erosive capability 
by dissipating much less energy through resistance to flow at flow 
rates where sediment transport begins to drown the pools. This con-
firms Hayward's (1978, 1980) hypothesis of decreasing energy dissipation 
efficiency of pools as they become drowned. 
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Figure 7-12: plot of Darcy-Weisbach friction factor f versus sediment 
transport rate (for various values of specific discharge). 
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Figure 7-12: (Continued .... ) 
7.6 APPLICABILITY OF SEDIMENT TRANSPORT FORMULAE TO STEP-POOL 
CHANNELS. 
The Meyer-Peter and Muller formula, expressed in the form of 
equation 7.12, may be written 
... 7.24 
This is equivalent to 
= 8 (8 - 8 )3/2 
cr 
••. 7.25 
where 8
cr 
is the relative shear stress at ~b = O. As noted above, if 
the flow deviates from uniform and form losses occur, 8 is replaced by 
8' as shown in equation 7.13. The quantity 
is an adjusted slope so that only the portion of J due to grain resis-
tance (i.e. J') is responsible for bedload movement (Graf, 1971). 
Thus 
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is equivalent to the multiplier m defined in equation 7.2. The divi-
sion of the bed resistance into its components, the one due to grain 
resistance J' and the other due to bedform resistance J", is accomplished 
by holding the hydraulic radius R constant and dividing the energy 
s 
slope J (Graf, 1971). Correctly, this results in 
... 7.26 
but test results showed the relationship to be of the form 
J' [::r 2 -= J .•• 7.27 
R' [::r 2 However R s ..• 7.28 
It appears that the effect of form roughness on sediment trans-
port is more correctly described by dividing the hydraulic radius into 
components rather than the energy slope. 
Now k 
r 
• •• 7.29 
(Graf, 1971; Jaggi, 1978) 
From the Manning (or strickler) formula 
k 
s R 2/3 Jl/2 
s 
Equation 7.25 then becomes (allowing for form roughness) 
¢ = 8 (8' - 8 )3/2 
b cr 
... 7.30 
.,.7.31 
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Implicit in the preceding development is that sediment transport 
is considered to be affected by that part of the energy slope due to 
grain resistance only. That is, none of the flow energy lost through 
form resistance is available for bedload transport. However, in many 
sand or fine gravel situations, moving bedforms (which are responsible 
for form losses) constitute a major part of the bedload, and the applica-
bility of the Meyer-Peter formula is therefore questionable in such 
circumstances. 
In a step-pool system, a reduction in form loss does accompany 
sediment transport. But at ¢b = 0, the flow is very non-uniform, and 
loss of fluid energy due to eddying in pools is a major feature of the 
flow. For q constant, increasing sediment transport reduces form loss 
(and % scour) by increasingly using this energy being dissipated in the 
pools. 
This could be expressed in a formula as 
... 7.32 
where f = a function 
and some dimensionless inverse function of form loss or scour hole 
size. 
Because of the rapid acceleration of the flow in pools due to the 
changing flow geometry, large convective shear stress values negate the 
concept of a uniform and steady shear stress. Thus the Meyer-Peter and 
Muller formula can not be applied (even with allowance for form loss) to 
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such a non-uniform case as a step-pool channel. 
The Einstein (1950) formula is written as shown in equation 7.14. 
Over a r~asonable range of values of ~ (i.e. If) and ¢b' equation 7.14 
behaves like the Meyer-Peter and MUller equation without the form rough-
ness compensation (see fig. 7-13). 
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Figure 7-13: Comparison of behaviour of the Meyer-Peter and-Muller 
bedload formula, and the Einstein bedload function (After 
Yalin, 1977, p.133}. 
Einstein, like Meyer-Peter and MUller, assumes that energy dissi-
pated by form roughness is not available for grain movement. Equation 
7.16 which takes account of this can be written 
~' 
(s - 1) D35 
(~~) Rs J ... 7.33 
From equations 7.13 and 7.28, it can be seen that this is the 
same adjustment used by Meyer-Peter and MUller. 
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However, unlike the Meyer-Peter and Muller equation, with the 
Einstein equation one can never arrive at an expression that would 
yield the Shields relation for qb = O. This is because according to 
the mathematical model adopted by Einstein, detachment is caused only 
by fluctuating forces F (the possibility of detachment by non-fluctua-y 
ting (viscous) forces being completely excluded (Yalin, 1977, p. 142». 
Therefore the term + (0.143 l/J - 2), or more generally + [Bl/J - 1) where 
- - n 
n is a function of pressure fluctuations, can not be replaced by some 
function of an expression like equation 7.32 which involves steady 
quantities. 
Equation 7.9 may be written 
~ j~ ~)-2/3 ... 7.34 
As in the Meyer-Peter and Muller formula, the quantity T - T 
o ocr 
(i.e. e - e ) is involved. As was shown above, convective accelerations 
cr 
in the scour pool due to the rapidly changing flow geometry make any con-
cept of a steady shear stress inapplicable. Further, depth varies so 
markedly over a pool sequence that h is not really indicative of 
an average depth condition. 
It is thus apparent that the efficiency e b for Bagnold's stream 
power approach can not be calculated theoretically because of non-uni-
form flow, as well as the unknown qualitative effect due to falls and 
pools mentioned in section 7.2 
Bagnold's stream power approach can not even be applied with an 
empirically determined efficiency eb • Equation 7.7 shows that the bed-
load transport rate equation involves stream power w separately from e b • 
Severe non-uniformities make its determination highly questionable. 
It can thus be seen that until the mechanics of rapidly varied 
flow in the scour zone can be adequately described, conventional sedi-
ment transport formulae remain inapplicable to step-pool channels. 
7.7 POSSIBLE EXPLANATION FOR THE HYDRAULIC BEHAVIOUR OF STEP-POOL 
TORRENTS (AND OTHER ALLWIAL SYSTEMS) 
Many aspects of the behaviour of sediment transporting turbulent 
flows are reminiscent of such intrinsic non-uniformities as the sediment 
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and roll waves discussed above. They include the development of bed 
forms, meanders, and riffle-pool sections in initially uniform channels. 
Current theories of sediment transport and channel formation tend to 
account for such non-uniformities by means of empirical coefficients. 
The steady state theory of geomorphology (being a linear thermodynamic 
approach) is such a theory. In the steady state theory, a stream system 
is assumed to tend toward the most probable energy distribution. This 
is attained through a compromise between two opposing tendencies; one 
toward a uniformly distributed rate of energy expenditure, and the other 
toward minimum work (formulated in terms of Prigogine's rule of minimum 
entropy production). The most probable condition will be characterised 
by a minimum total variance of the system components (given certain boun-
dary conditions), implying a self- stabilising 'negative' feedback, or 
Le Chatelier moderation (Karcz, 1980). 
However, the prigogine minimum entropy production and Le Chatelier 
moderation theorems indicate that the geomorphic steady state is inher-. 
ently restricted to near-equilibrium situations where the regime is 
linear (Karcz, 1980). This is applicable to laminar flow but not to 
turbulent flow where non-linearities due to inertial effects dominate 
(Davy and Davies, 1979). 
By contrast, the behaviour of natural streams seems strikingly 
similar to the behaviour of non-linear thermodynamic systems (Davy and 
Davies, 1980; Karcz, 1980; Whittaker and Davies, 1982) such as those 
described by, for instance, Nicolis and Prigogine (1977). 
Briefly, a linear thermodynamic system returns to a uniform state 
when slightly disturbed. This behaviour is restricted to conditions 
close to equilibrium. The state of continuation of this equilibrium-
like behaviour is called the 'thermodynamic branch'. Farther from equili-
brium, a bifurcation point is reached on the thermodynamic branch. Beyond 
this point a disturbance may generate an instability which, with positive 
feedback, drives the system to a new dynamic equilibrium in which large 
scale structural order is present. Here the processes are irreversible. 
This non linear behaviour leads to a new state which is called a 'dissi-
pative structure ' (Prigogine, 1978), and can only be maintained by a 
sufficient flow of energy and matter. 
Bed forms develop from an initial disturbance which is amplified: 
in the same way a dissipative structure is the result of a perturbation 
which is amplified by non-linear processes. That alluvial channel form 
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arises from this behaviour is supported by Parker et. ale (1982). They 
showed that a non-linear stability analysis can reproduce the shape of 
meanders in streams and rivers much more realistically than can linear 
stability analysis; also the non-linear analysis can accomodate pertur-
bations of large amplitude. 
The sediment and water waves observed in the present tests thus 
. seem likely to have arisen from such non-linear processes (Whittaker and 
Davies, 1982; Parker et. al., 1982). In this case, the inability of 
current, essentially linear, theories of sediment transport to adequately 
describe the behaviour of step-pool systems is understandable. It is 
clear that a non-linear approach is needed to fully understand many (or 
even all) aspects of loose boundary flow; as shown by Parker et. ale 
(1982) techniques for such analysis are still in their infancy. 
7.8 CONCLUSIONS 
The main conclusions from the tests of sediment transport through 
an artificial step-pool channel are as follows: 
(1) The flow regimes observed for clear water flow and clear 
water scour hold only at low sediment transport rates. The deviation 
from the expected flow regimes was much less at higher slopes. 
(2) For flow r~tes with an initial regime of unstable tumbling 
flow, flow instability decreased with increasing transport rate. 
(3) At higher sediment transport rates, sediment tended to move 
as waves. For a few flow rates with an initial regime of stable tumb-
ling flow, this caused a flow instability. 
(4) Unstable tumbling flow will occur only rarely in natural 
step-pool channels. 
(5) % scour decreases with sediment transport rate. The rate of 
decrease in % scour with Q
s 
is related to the flow regime at Q
s 
= O. 
Tests with a stable tumbling flow regime at Q = 0 showed a much stronger 
. s 
decrease with Q than did those with an unstable tumbling flow regime. 
s 
(6) Sediment transport in a step-pool channel may be seen as 
occurring as discrete pulses or waves of sediment, which translate 
slowly down the channel. 
(7) Average and maximum velocities reflect % scour in the pools. 
As a pool fills with sediment to the point of inundation; average and 
and maximum velocities increase suddenly. There is essentially no in-
crease of average or maximum velocity with increasing sediment trans-
port rate as plane bed flow occurs. 
(8) From (7), it may be inferred that a step-pool channel will 
quickly increase its erosive capability as pools fill with sediment to 
the point of drowning. 
(9) Resistance to flow follows closely the trend in % scour with 
increasing sediment transport rate. 
(10) Sediment transport through a step-pool system can not be 
predicted by conventional sediment transport formulae, even with allow-
ance for form losses. The rapidly varying nature of the flow violates 
the conditions of derivation of the formulae. 
(11) Instability manifested as water or sediment waves is expli-
cable in terms of recent advances in the thermodynamics of non-linear 
systems. The instabilities can be seen to be' 'dissipative structures', 
maintained at far from thermodynamic equilibrium conditions by a suf-
ficient flux of energy and material. 
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CHAPTER EIGHT 
SUMMARY AND CONCLUSIONS 
8.1 FORMATION OF STEP-POOL SYSTEMS IN STEEP MOUNTAIN STREAMS 
8.1.1 Conditions of Origin of Steps and Pools 
Steps and pools are recognised as reaches of alternatively steeper 
and flatter slope respectively in steep mountain streams. Such bedforms 
can be generated in the laboratory from a plane bed of heterogeneous 
material on a steep slope by sediment moving discharges. Once equili-
brium is attained (i.e. no more sediment movement), subsequent lower 
flow rates reveal a step-pool aspect. These laboratory step-pools are 
similar to those observed in natural streams. 
Thus step-pool structures are disequilibrium bed forms. That is, 
they are formed by high intensity, low return period events rather than 
by the flows which givE. them their step-pool appearance. 
8.1.2 The Formative Process 
The formation of the laboratory steps and pools involved a combin-
ation of antidune formation and armouring/paving. At low slopes (less 
than about 7.5%) very regular antidunes formed, and the bed surface was 
armoured. At slopes greater than about 7.5%, .the antidune process was 
distorted by large bed elements, and the bed surface was paved. 
8.1.3 Characteristics of the Deformed Bed 
The bed forms resulting from the action of the sediment moving 
discharges tended to have a roughness concentration corresponding to a 
maximum resistance coefficient. 
8.1.4 Practical Application 
Immediately obvious is that the laboratory generated step-pools 
which achieved stability under the formative process are then extremely 
stable under reduced flow rates. Thus, step-pool mountain streams can 
be considered to be extremely stable under normal flow conditions. with 
this structural stability, bedload will usually be finer than the bed 
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stock, unless an unusually high intensity event breaks the structure 
down. Consequently, any artificial structures built on steep mountain 
streams will have a low risk of structural failure caused by the stream's 
own structural failure. However, artificial structures may be affected 
by finer bedload moved through the stable step-pool system. 
Further to this normal stability, and bearing in mind the fairly 
regular positioning of steps in some steep channel reaches (as shown by 
the antidune analysis of test results) it seems reasonable to represent 
mountain streams by a succession of discrete weirs. This is confirmed 
by Rouse (1965). A channel composed of such discrete weirs can thus be 
used to investigate the behaviour of steep mountain streams. 
8.2 IDEALISATION OF STEP-POOL MOUNTAIN STREAMS 
A laboratory channel 0.132 m wide with baffles (0.285 m x 0.130 m 
I 
x 0.033 m) placed at 0.5 m intervals was used to represent a steep moun-
tain stream. Tests were performed with clear water flow, clear water 
scour, and sediment transport through this idealised step-pool system. 
Observations were made to distinguish those behavioural aspects due to 
the idealisation from those that represent flow in steep step-pool 
streams. 
8.2.1 Flow Regimes 
Three flow regimes were observed in the idealised step-pool sys-
tem for clear water flow and clear water scour, namely: 
(a) Stable tumbling flow 
(b) Unstable tumbling flow 
and (c) Shooting (or rapid) flow. 
Stable tumbling flow, in which water tumbles from pool to pool 
over intervening steps, has long been recognised as characterising flow 
in steep mountain streams. Shooting flow is far less common, but has 
been observed (especially in conjunction with high bedload transport 
rates). However, unstable tumbling flow. with its characteristic roll 
waves has not been reported in literature on steep mountain streams. 
Stable tumbling flow occurs at relatively low flow rates. At a 
certain threshold flow rate which is a function of slope, the flow be-
comes unstable. The instability increases in magnitude with increasing 
flow until at another threshold flow rate (again a function of slope) 
the flow becomes shooting. 
The respective thresholds were higher for the clear water scour 
test runs than for the clear water flow test runs (see fig. 6-7). Un-
stable tumbling flow (for both clear water flow and clear water scour) 
arises from a different mechanism than that causing 'roll-wave' in-
stability generated in uniform flow on steep slopes at Froude numbers 
of approximately 1.6 or greater. 
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At a slope of 0.027, unstable tumbling flow (clear water flow 
case) is caused by the breaking of standing waves at a theoretical maxi-
mum steepness of about 0.142. For this slope with clear water scour, 
unstable tumbling flow seems to be caused by the inability of the step-
pool system to pass the imposed discharge according to the hydraulic 
principles of submerged weir flow. A surface nappe characterised both 
these situations. 
At slopes greater than 0.098, unstable tumbling flow for both 
clear water flow and clear water scour is caused by the physical system 
boundaries constraining a submerged hydraulic jump to the point where 
it no longer has length available to be able to develop fully. The on-
set of unstable tumbling flow can be predicted on this basis. A plunging 
nappe characterised the flow at these slopes. The slope which results 
in the lowest flow rate for which unstable tumbling flow will occur is 
about J = 0.10. A comparison with field results shows that such a flow may 
correspond to greater man.a 25 yr flood, and thus for clear water flow or 
clear water scour, unstable tumbling flow is. unlikely to be observed in 
natural step-pool streams. A disordered step length inhibits the growth 
of roll waves; because natural step-pool systems have a somewhat dis-
ordered step length pattern, it is further unlikely that unstable tumb-
ling flow will be observed in the field. 
The clearly defined flow regimes observed for the clear water 
flow and clear water scour tests were radically altered by sediment 
transport. Sediment was often moved through the artificial step-pool 
channel in waves. The transport rate required to produce sediment waves 
increased with increasing slope (see fig. 7-2(a) to (c)). At slope = 
0.027 (with an initial flow regime of stable tumbling, i.e. at zero in-
put rate), % scour decreased as sediment transport rate increased until 
the sediment ~aves gave way to a plane bed. For flow rates with an 
initial regime of unstable tumbling flow, the flow instability decreased 
210 
with increasing transport rate. This trend was also noted at slope = 
0.098. 
However, at slope = 0.098, some flows with an initial regime of 
stable tumbling flow developed unstable flow because of strong sediment 
wave formation. From this it was apparent that unstable tumbling flow 
could occur in natural step-pool streams, in sections of the channel 
inundated with gravel, at lower flow rates than indicated by the no 
sediment transport case. However, any roll waves so produced would not 
persist in the non-inundated channel downstream. 
8.2.2 Scour in an Artificial Step-Pool Channel 
Scour in an artificial step-pool channel is clearly influenced by 
flow regime. Because flow regime is caused by the physical system con-
straints, scour is then influenced (that is, distorted) by these con-
straints. 
% scour increased with increasing discharge in all cases, until 
the influence of the downstream step caused % scour to decrease as flow 
continued increasing. % scour subsequently increased again with shooting 
flow. Scour uninfluenced by the downstream step (and corresponding to a 
plunging nappe) is described by the equation 
0.852 H 0.495 
q s 
7.72 0.436 D 0.333 
g 90 
... 6.28 
This corresponds to the ultimate static limit of scour, where all 
material in suspension is removed from the scour zone. 
Seqiment transport influences scour markedly. At slope = 0.027, 
% scour for all flows tends, with increasing sediment transport # toward 
zero. This decrease in % scour is aided by the surface nappe profile, 
which is less effective than the plunging nappe in its scouring action. 
For slope =0.098, % scour for stable tumbling flows decreases rapidly 
with increasing sediment transport rate. However, for unstable tumbling 
and shooting flows, % scour decreases much less rapidly with transport 
rate. This behaviour occurs for all regi.mes at higher slopes. 
8.2.3 Erosive Potential of Step-pool Systems 
Stream power is indicative of the ability of a stream to transport 
sediment. Further, stream power is closely correlated with mean flow 
velocity. 
potential. 
Thus, mean velocity is indicative of a stream's erosive 
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Maximum velocity is indicative of the maximum material size a 
flow is capable of moving, and so in this way is also representative of a 
stream's erosive potential. 
Darcy-Weisbach friction factor f is a measure of the fluid energy 
being dissipated by a rough bed. Thus, low f values and high values of 
mean and/or maximum velocity indicate a stream which has a high erosive 
potential. 
For clear water flow, maximum velocities indicate that a stream 
will experience a sudden increase in erosive potential for flows in the 
upper range of unstable tumbling flows. For clear water scour, mean and 
maximum velocities suggest that natural step-pool streams will increase in 
erosive potential at flow rates for which the downstream step begins to 
limit development of the scour hole. These flow rates are lower than 
those causing the increase in erosive potential for the clear water flow 
case. With sediment transport, an increase in erosive potential was noted 
at much lower flow rates again. This increase occurred as pools became 
drowned with sediment, reducing the energy dissipation between steps. Thus, 
a stretch of stream channel inundated with sediment will tend to erode 
further material from the channel sides. 
Resistance to flow can be predicted by empirical logarithmic laws, 
despite the fact that the flow is highly non-uniform. For clear water flow, 
Darcy-Weisbach friotion factor f is given by 
where A 
and B 
~ = 5.657 A log (kR,J + B 
(1.676 - 5.715 J') 
(0.630 J' - 0.057) 
.•. 5.53 
For clear water scour, resistance to the flow increases with increas-
ing discharge until the flow rate at which the influence of the down-stream 
step is strong enough to cause depth of scour to decrease. With increasing 
discharge beyond this flow rate, resistance to flow then decreases. Here 
Darcy-Weisbach friction factor f is given by 
~ = 5.657 A log· (Sso) + B .•• 6.33/35 
where B ¢ (slope). 
and A = ¢(slope) for increasing resistance 
or A const. for decreasing resistance. 
8.2.4 Practical Application 
The main application of the results on flow regime is in the 
design of channels used to take water safely down steep slopes. High-
way drainage chutes and fish ladders are specific examples of such 
channels. Many stepped channels have been designed by 'feel' and 
experience rather than on a quantitative basis because of the lack of 
design rules with respect to the onset of unstable tumbling flow. 
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For totally artificial stepped channels, or channels with weirs 
incorporated into alluvium at regular intervals, the results presented 
herein give a basis for design so that unstable tumbling flow and shoot-
ing flow (which are dangerously erosive) may be avoided at the design 
discharge. Further, eliminating the unstable tumbling flow regime means 
that associated hydraulic structures are at less risk of failure due to 
rapidly varying forces. 
Sediment transport is seen to bring difficulties to the design 
of such channels. As well as reducing the efficiency of energy dissi-
pation, flow instability can occur at still lower discharges if sediment 
waves develop. Clearly, these channels should only be used where sedi-
ment transport will be minimal or avoided all together. 
The information on scour in an artificially stepped torrent indi-
cates that such structures scour (for flow rates where the scour hole is 
not distorted by the downstream step) to a maximum possible extent under 
the given conditions. Armouring or paving would of course reduce this 
scour. For higher flow rates where the downstream step distorts the 
scour hole shape, scour depth decreases, and scour begins to occur on 
the upstream side of the downstream sill. Clearly, such channels should 
have a design discharge at which the downstream sill does not distort the 
scour hole shape. The scour will be deeper than at some higher flow 
rates (with consequently more energy dissipation, lower mean velocities, 
and thus less erosive potential), the downstream sill will not be en-
dangered by scour on its upstream side, and unstable tumbling flow will 
be avoided. 
The tests show that for stable tumbling flows, if the sediment 
transport rate is zero or small, steep mountain step-pool streams will 
rarely develop unstable tumbling flow. However, instabilities may 
develop in lengths of channels inundated with sediment, although the 
nonuniformity of step length reduces this likelihood. Where pools 
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become inundated with sediment, average and maximum velocities indicate 
that the erosive potential suddenly becomes high. Not only are hydraulic 
structures then vulnerable to inundation with gravel, but adjacent side 
slopes are vulnerable to erosion by the flow. 
Where a stream channel is adjacent to the toe of a slope, 
measures can be taken to prevent erosion by the flow under the conditions 
described above. Protection structures such as sediment check dams, 
groynes or rock mattresses could be placed so as to deny access to the 
slope. This is, however, sometimes not possible. 
8.3 PHILOSOPHY OF APPROACH TO TWO-PHASE PROBLEMS 
In the tests with sediment transport, the steps in the channel 
sometimes resulted in both water waves and sediment waves occurring, 
often independently. The response of the system to uniform inputs of 
water, sediment, and energy was clearly non-linear. On a macro-scale, 
the system could be considered to be amenable to linear analysis, but 
this avoids the difficulty posed by the processes operating, and is per-
haps a 'black-box' approach. 
Recent advances in non-linear thermodynamics appear to offer a 
more reasonable way of analysing the behaviour of such non-linear sys-
tems. In such an approach, the non-linear but quasi-steady sediment 
and water waves can be interpreted to be dissipative structures, main-
tained by constant and sufficiently high input rates of energy and 
matter. 
8.4 SUGGESTION FOR FURTHER WORK 
The channel used in the present tests was an idealisation of 
natural step-pool mountain streams. The results are thus not directly 
applicable to the field situation. Observation of steep mountain step-
pool streams has enabled a number of reasonable inferences to be made 
from the test results regarding the natural situation. The next logical 
step is to study the behaviour of natural step-pool streams in response 
to various water and sediment inputs in the light of these detailed 
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tests. This will be difficult, and require considerable money and, one 
suspects, years of effort. However, the test results reported herein 
will enable researchers to concentrate on aspects of stream behaviour 
shown to be important in the idealised case, and likely to be of signifi-
,cance to the understanding of erosion processes in step-pool streams. 
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APPENDIX 1 
ANALYSIS OF AVERAGE VELOCITY FROM CCNDUCTIVITY TRACES. 
Average flow velocity was calculated from equation 3-2 
i.e. v 
m 
. .. 1 
where symbols are as defined in Chapter 3. For the present tests, 
X
2 
- xl was a measured value. The quantity t2 - t1 is the distance 
between the centroids of the conductivity-time curves from the chart 
recorder traces corresponding to measurements of conductivity at locat-
ions xl and x
2
' divided by the speed of the chart paper through the 
chart recorder. 
Each pair of conductivity curves was analysed as follows: a 
false origin was established, and the area u~der each of the associated 
curves divided into strips (fig. 1). 
ClQar water flow: Run 2 
Upstream curve only 
true basQ falsG? 
Distance to iritial rise 
in downstream conductivity curve 
Figure 1: Treatment of conductivity curve for analysis of centroid. 
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The distance of the centroid of the area under each curve from 
the false origin was calculated as 
x 
m 
CA. XL) 
~ ~ 
E A. 
~ 
• •• 2 
Strip areas (Ai's) under each conductivity trace were evaluated 
from a false base (as shown in fig. 1); The area from this base to the 
level of the tail of each conductivity curve was then subtracted, to give 
the A. value. 
~ 
The level of the tail of each conductivity curve was 
established by averaging many strip area values from the essentially con-
stant tail portion of each curve. In this way, the effect of dead zones 
on mean flow velocity was removed (see section 3-5 and fig. 3-12). 
x
m2 - xml is thus the distance between the associated centroids, 
and is independent of the position of the false origin. The time between 
the two centroids is then 
• •. 3 
where v' = speed of paper through the chart recorder. 
An example of an analysed trace is shown in fig. 2. 
with unstable tumbling flow, wave effects on the conductivity 
trace patterns became marked (see fig. 3). Most pf the conductivity 
curves of this sort were analysed in the manner described above. 
Sediment transport resulted in a different change to the conduct-
ivity trace patterns. This was due to oscillating pool levels at the 
probe stations associated with the sediment transport mechanism outlined 
in section 7-5-2. An example of a conductivity trace influenced in this 
way is shown in fig. 4. The strip areas under curves influenced by the 
transport mechanism were sometimes evaluated as follows. The trend in 
conductivity from before the tracer was introduced was continued through 
to the tail of the conductivity curve (see fig. 4). Strip areas were 
then evaluated by subtracting areas below this curve from the strip areas 
between the conductivity trace and the false base. 
When unstable tumbling flow occurred with sediment transport, the 
downstream conductivity trace sometimes showed 'beating' (i.e., the 
pattern resulting from the superposition of two wave forms of different 
frequency) . An example is shown in fig. 5. 
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Figure 2: An example of an analysed trace. 
Figure 3: Effect of roll waves on conductivity trace patterns. 
Figure 4: Conductivity traces influenced by oscillating pool levels 
associated with the sediment transport mechanism. 
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Figure 5: ' Beating' shown in conductivity trace. 
Figure 6: Conductivity traces with long-term trends. 
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At other times, the conductivity traces resulting from sediment 
waves and unstable tumbling flow produced patterns with long-term trends. 
To analyse these, the trend was continued and the strip areas A. were 
~ 
evaluated as those between these lines and the conductivity traces 
(fig. 6). 
With sediment transport, some flow rates which had large variations 
in conductivity curve pattern at low Q values produced quite smooth con-
s 
ductivity traces at high Q values. 
s 
This is due to the lessening of flow 
instability with Q , and also because the change in water level associated 
s 
with the transport mechanism was small as % scour became very small. 
Although the form of the conductivity-time curves sometimes makes 
the derivation of accurate mean velocities difficult, there is little doubt 
that with flow instability and sediment waves occurring, this is the best 
available method of obtaining the information. 
Maximum velocities for each test run were obtained by measuring the 
distance between the initial rise of conductivity trace of the upstream and 
downstream conductivity-time curves (see fig. I). This distance was 
divided by the speed of the paper in the chart recorder to give a time 
t. taken by the fastest tracer particles (and thus, by the fastest water 
m~n 
particles) between the two probe stations. 
Thus, 
v 
max 
x - x 2' . 1 
t , 
~n 
• •• 4 
APPENDIX 2 
MANUSCRIPT OF THE PAPER 'ON THE ORIGIN OF STEP-POOL SYSTEMS IN MOUNTAIN 
STREAMS' (BY WHITTAKER AND JAGGI), CURRENTLY IN PRESS. 
The manuscript as presented here differs from the contents of 
Chapter 4. This difference is due to a methodological error in the work 
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presented in this appendix that was discovered during writing of the thesis. 
Average velocities v given in this appendix were not compensated for 
m 
their underflow component. The true average velocity of the surface flow 
deforming the bed v is given by 
u 
v 
qt 
-- (v -qUrid :Vtind ) _ 1 
u qnu m qt 
where total specific discharge 
specific discharge of underflow 
v
und velocity of underflow 
and ~nd 2 
The difference between v and v was insignificant at low slopes, 
u m 
but major at high slopes. Consequently, values of shear stress and 
friction factor are also quite different for high slopes. Despite this, 
the predicted armour layers (final conditions) were almost identical, 
with the worst error for any grain size being about 5%. Using v instead 
u 
of v focussed the antidune results a little more clearly, strengthening 
m 
the assertions regarding the role of antidune formation in the origin of 
step-pool systems. 
Thus, while the difference in analysis changed some of the hydraulic 
variables, the results are fairly much the same. 
1 
2 
ORIGIN OF STEP-POOL SYSTEMS IN MOUNTAIN STREAMS 
by 
Jeffrey G. Whittaker l 
Martin N.R.J~ggi2 
Surmnary 
Experiments show that in steep mountain streams a bed-deforming 
process exists giving the low-flows a step-pool aspect. Steps 
and pools are the result of a combined action of self armouring 
and antidune formation which results in an important increase 
in flow resistance. 
Research Fellow, Dept of Agr. Engrg., University of Canterbury, 
Lincoln College, Canterbury, New Zealand 
Sen. Research Engr., Lab. of Hydraulics, Hydrology and Glaciology, 
Fed. Inst. of Technology, Zurich,--Switzerland 
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Keys Words: bedforms, mountain stre:ems, self armouring, sediment transport 
Abstract: Mountain streams very often present a step-pool aspect. 
Antidune formation alone; dispersion and sorting theory or 
velocity reversal as advocated for the origin of riffle-pool 
sequences do not explain how steps and pools form. Experiments 
have been conducted to clarify their origin. If was found that 
the step-pool aspect appears after high flows had deformed 
the bed. During the presented tests a self armouring process 
occurred which resulted in a stabilization of the bed. When 
coarsening of the top layer was little classic antidunes 
resulted. An important coarsening was accompanied by a 
structuring of the bed into roughness elements whose spacing 
did correspond to maximum flow resistance. The substantial 
increase in resistance was an essential factor in bed-
stabilization. 
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INTRODUCTION 
Longitudinal stream profiles do not usually show a smoothly varying slope, 
but take the form of reaches of 'alternately flatter and steeper slope, due 
respectively to deep and shallow sections. The tendency for this development 
is a fundamental characteristic of many streams, and is largely independent 
of channel bed or bank material (23). In steep mountain streams, this 
tendency has frequently been reported (15,16, 20, 21, 34, 46). In these 
streams, the alternating sections are often called steps and pools, because 
of their stair-like appearance. Until a fundamental understanding of the 
development and characteristics of step-pool sequences is gained, solutions 
to problems of hydraulics in steep mountain streams will rest on vague 
empiricism. The objective of this paper is to clarify the origin of step~ 
pool sequences, and to assess their effect on the stability of the bed. 
STEP-POOL SYSTEM STRUCTURE 
Steep mountain streams tend to have a distinctive order to their structure, 
the characteristic units of which are steps and pools (see fig. l(a». 
Streams containing steps and pools are usually described either morphologically, 
or from the perspective of flow characteristics. In a morphological 
description, the stream channel configuration is said to be stair-like. 
Water flows over steps formed by the arrangement of boulders and large 
sized sediments across the stream channel, and falls into pools where a 
significant part of the fluid ene~gy is consumed be roller eddies (3, 15, 16, 
34,40). In forested areas, the channel often has steps resulting from 
obstructions to the flow caused by logs that have fallen into the stream 
bed (17, 18, 24). Some authors have called steps "transverse ribs" (7, 33, 
35, 36). When the stream is described in terms of its flow characteristics, 
the flow is seen as a series of more or less regularly spaced cascades (25, 
26, 47) characterised by locally high velocities and intense turbulence, 
often combined with air entrainment (1, 20, 39, 41, 46) (see fig. l(b». 
An analogy exists between step-pool systems and riffle-pool sequences. 
Riffle-pool sequences are found in' rivers with a flatter slope and are 
mainly associated with bar formation and meandering (22, 34,43, 44). The 
common feature of riffle-pool sequences is that their spacing corresponds 
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to approximately 5-7 channel widths. Step-pool systems have a much shorter 
wavelength which shows no such correlation with channel width. The analogy 
between riffle-pool and step-pool sequences exists, however, in view of the 
similar periodic flow disturbance and the differential grain size distribution 
between pools and riffles or steps. Hayward (15, 16) distinguishes different 
forms of steps, for instance those whose visual aspect is close to a riffle 
are called riffle steps. 
POSSIBLE MECHANISMS FOR STEP-POOL FORMATION 
General features of any theory of origins: 
Any theory attempting to explain the origin of step-pool systems must take 
into account the fact that they are disequilibrium bed forms in the sense 
proposed by Allen (2) and Middleton and Southard (37). The structures are 
not created by the low flows which give the visual step-pool appearance 
and which move very little bed sediment; rather their formation is 
associated with flow conditions during high-intensity, low frequency flood 
events. 
A necessary factor for step-pool formation is that there must be heterogeneity 
of bed material size (34). Such material may be derived from a variety of 
sources, for example weathering of steep cliffs, glaciation deposits (38), 
and tributary streams (14), as well as that transported by the stream. Thus 
both the material size and its source are independent variables (similarly 
for log steps). This coarse material is restructured into step-pool 
patterns. Boulders are swept out of incipient pools and collected in 
incipient riffles (34). Armouring of the bed is a feature of this 
restructuring. step-pool formation may also be affected by the influence 
of past and present climatic/hydrologic regimes. Some mountain streams 
investigated have, in the past, been subjected to much higher flows than 
those experienced at present. However, apparently immovable bed material 
such as that reported by Miller (38) may in fact be capable of responding 
to a low-interval flood. Hence, it can be" seen that step-pool systems are 
generally not in equilibrium with "normal flow" conditions. In this context 
some existing theories of step-pool origin are now examined, 
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The antidune theory of origin: 
Features in shallow gravel channels which have been called transverse ribs 
(35) correspond to step-pool sequences in steep cobble channels (7). Many 
authors (5, 6, 7,32) consider these transverse ribs to be antidunes. 
Shaw and Kellerhals (48) found a striking similarity between bed forms in 
the field an4 gravel an~idunes developed in the laboratory, both in rather 
uniform material. 
The difficulty in equating transverse ribs (and thus steps) with antidunes 
lies not in the validity of the proposal (as is shown subsequently by the 
writers), but in the mechanism proposed to explain the formation of 
transverse ribs. Firstly, antidunes are formed in association with a 
standing wave, where the waveform of the bed is in phase with the form of 
the water surface (29). Transverse ribs on outwash areas are reported to 
have formed when material introduced locally generated an accompanying 
surface wave (32). This introduced bed material is atypical of the bed 
material and so the bed forms are not true bedwaves as proposed by Kennedy 
(29). Secondly, the mechanism proposed by Koster (32) involves growth of 
a ribbed sequence proceeding upstream in response to a water disturbance 
migrating upstream in discrete steps. According to Kennedy (29), an 
antidune wavetrain propagates downstream, regardless of the direction of 
movement of the antidunes. 
A variation on this theme is a mechanism proposed by McDonald and Day (36) 
in which transverse ribs are formed by a process in which a hydraulic jump 
travels rapidly upstream in an epiSOdic fashion. Pebbles accumulate just 
downstream of the hydraulic jump during th~ intervals when it is stationary. 
As pointed out by McDonald and Day (36), it is difficult to transfer this 
formative mechanism to natural channels, and it has never been reported in 
the literature. 
Dispersion and sorting theory: 
Yang (52) developed a theory that riffle-pool sequences (and thus, by 
analogy, step-pool sequences) occur because "natural streams minimise their 
time rate of potential energy expenditure per unit mass of water in 
accordance with the law of least time rate of energy expenditure". Yang 
further suggests that in riffles, where the local energy gradient is 
higher than average, there would be a high rate of shearing of bed material. 
Bed elevation would consequently increase with migration of coarse material 
to the surface due to a grain dispersion process reported by Bagnold (4). 
For these effects to occur, however, the whole bed must be in a state of 
general shearing motion toa considerable depth. In a gravel river this 
would occur only under debris flow conditions. 
Velocity reversal theory: 
This theory, although developed for riffles and pools, can by analogy be 
considered to apply to steps and pools. Keller (22) measured velocities 
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in pools and riffles for different discharges. He reported that with 
increasing discharge, there was a greater increase of velocity in the pools 
than in the riffles. He concluded from extrapolation of this data, that 
there would be a velocity reversal at high flows which would move coarse 
grains quickly from a riffle, through the subsequent pool to be deposited 
in the next riffle, thus maintaining these features. 
There is no evidence that this reversal actually occurs. The data used 
does not show a velocity reversal, only a velocity equalisation. Further 
the mechanism proposed from the anticipated velocity reversal is essentially 
one of maintenance of riffle-pool and step-pool forms; it does not account 
for development of the bedforms from an initially plane bed. 
TESTS 
Tests were performed to clarify the process of the origin of step-pool 
sequences. Bed-forming and grain sorting processes were expected to occur 
under appropriate flow conditions. It was thought that either or both 
tendencies would eventually stabilise the bed for flows capable of deforming 
ap initially plane bed. 
Test procedure: 
The laboratory tests were performed in a tilting, recirculating channel, 
lam long, O.132m wide and O.5m deep. A graded sediment ranging between 2mm 
and 50mm in size (see fig.5), initially arranged as a plane bed, had a 
sediment-moving discharge passed over it. No sediment was fed at the 
upstream end of the flume; thus parallel and rotational degradation occurred 
as the bed was eroded. Because of the steep slopes used, the change in 
slope associated with rotational degradation was, where it occurred and the 
bed also stabilized, comparatively small. For most of the selected 
discharges the bed achieved a stable condition when sediment motion 
ceased. 
stabilization was favoured because of increased resistance to flow, for 
/ 
most of the test runs. This increase was due to an increase in form 
resistance as well as armouring of the bed. To estimate resistance to 
flow, measurements of mean flow velocity were made, using an adapt ion of 
the salt-velocity measurement technique (9). 
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When the bed had stabilized under the deforming flow, to what are subsequently 
referred as final conditions, the discharge was reduced to study the low 
flow appearance of the bed. This allowed a visual comparison with the 
field situation, commensurate with the disequilibrium concept mentioned 
above. 
At the completion of each run, the longitudinal profile of the bed was 
measured. Bed armouring was seen to be a significant factor, so areal " 
bed samples were taken. A proportion of bed surface was sprayed with paint, 
the painted stones removed by hand, and a sieve analysis of these stones 
performed. The areas sampled extended over at least one bedform, therefore 
represent an average and not a local grain size distribution. 
Discharge measurements were made with a calibrated orifice plate inserted 
in the return pipe. A summary of experimental data is found in table 1. 
EXPERIMENTAL OBSERVATIONS 
Within the ranges of slopes (2.5% to 25%) for which experimental flume runs 
were performed, two clearly defined cases were observed: 
At lower slopes, for relatively high flow rates, antidunes formed which were 
similar to those reported by Shaw and Kellerhals (48). As the flow rate was 
subsequently reduced, a hydraulic jump formed in the existing trough region. 
The visual impression at a low flow rate was more that of a riffle-pool 
sequence, although the wavelength was obviously determined by that of the 
original antidunes. Fig.2(a) illustrates conceptually a run with the 
progression from bed-forming flow to low flow. 
At higher slopes and relatively small flows~ the coarser grains had a 
considerable effect on the bed deforming process. The flow initially 
formed regular wavetrains, but with some degradation the flow pattern 
subsequently developed increasingly in response to the location of larger 
individual roughness elements. These larger1elements anchored some of the 
waves, preventing migration. Some of the "steps" so formed, occasionally 
broke down, setting in motion a short-lived "slug" of sediment. At a low 
flow rate, relative to the deforming flow, the flow pattern closely 
resembled step-pool sequences as seen in natural situations (see fig.2(b». 
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The transitions slope between the two above mentioned cases was about 0.075. 
RESULTS 
The main results of the tests are listed in table 1. A side-wall correction 
procedure, for estimating friction losses due to the flume walls, was applied 
after Gessler (11). 
From the test results the friction factor, f , the average bottom shear 
s 
-
stress, T, and the hydraulic radius with respect to the bed, r
s
' were 
calculated. 
For a comparison of the results, f , d and r values were computed for the 
s s 
plane bed case at the beginning of the tests. Because of rapid initial bed 
deformation, it was not possible to measure these parameters. Thus, for 
computation of resistance to flow in this case, the Keulegan logarithmic 
resistance law was used. The occurrence of wake interference losses in the 
lee of larger roughness elements necessitated the use of a roughness height 
of 3.5D84 in the Keulegan computation (Hey (19». Thompson and Campbell 
(50), noting this blocking effect, have suggested k = 4.5D, where D is the 
s 
median boulder diameter. From a theoretical perspec,ti ve, the choice of a 
coefficient of 3.5 is somewhat arbitrary. Thus, the values of If /f are 
so s 
not precise. This explains why some of these values (tests 11/14/17) are 
slightly greater than unity. 
Because of the high gradients in the experiments, sin e was used for the 
energy slope instead of tan e (46). 
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Wavelength of observed bedforms: 
Kennedy (29,30) developed an analysis of antidune bedforms, which related the 
Froude number F of the flow to the wave number k (k = 2~/L where L is the 
wavelength of the bedform) and the flow depth d. He found that the region 
for possible antidune formation is delineated by equations for maximum and 
minimum Froude number F and F. These two defining envelopes are shown in 
m a , 
fig.3; the enclosed region is that denoted by the letters ABC. 
The experimental values of bed wavelength L were calculated from a zero-
crossing analysis of the measured bed profile. Photographs of runs taken at 
slopes less than 0.075 gave wavelengths that were different from those 
indicated by zero-crossings analysis; the rough. sediment profile yielded 
more zero-crossings than the fluid pattern showed. Both values of wavelength 
are shown in table 2. Using the value d , 
o 
(the computed flow depth at the 
beginning of the tests), for the determination of F and k, results were 
obtained as shown in fig.3. The points fall within, or are close to, the 
region of antidune formation. However, using d, the flow depth derived 
from velocity measurements at the end of the tests, only the tests on 
slopes less than 0.075 give points that are consistent with antidune 
formation. Other points fall well outside this region because the bed 
deformation increased d and decreased F from their initial values. This 
supports the observation that at slopes greater than 0.075, initially regular 
wavetrains were subsequently modified by the flow, which was increasingly 
in~luenced by the presence of larger individual roughness elements as 
degradation occurred. 
The Froude number F was calculated from the formula F = u /I(gd cos 8)/a 
m 
which allows for steep slope effects. The coriolis coefficient a was 
calculated from the mean value given by the equations of Obrazosvskiy and 
Morozov (13) 
In fig.3 points corresponding to the initial depth d were plotted only if 
o 
there was a substantial difference to the values deduced from the final 
depth d. 
steepness of observed bedforms: 
Bedforms are not only characterised by their wavelength, but also by their 
steepness, i.e. the ratio of their height to their wavelength. In a mOre 
general way this value has been called roughness spacing when considering 
isolated roughness elements and their concentration over the bed (45). 
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An ideal spacing, which corresponds to a local maximum of the resistance 
coefficient (10), has been reported for artificial roughness elements and 
lower regime bedforms (8, 45, 51). Upper regime bedforms, i.e. antidunes 
tend to develop a steepness that lies within the range given by Rouse (45) 
as corresponding to a maximum of resistance for artificial roughness 
elements, but this steepness is only achieved when the surface waves are on 
the point of breaking. The ideal steepness is thus oniy reached cyclically, 
and usually only occurs over a por.tion of the bed. The mean steepness of 
antidunes thus tends to be less than the 'ideal' value. 
For an armoured bed, Sutherland and Williman (49) again found such a tendency 
towards an ideal spacing. They used a zero crossing analysis to define 
element size, or" height, as the maximum difference in elevation between 
successive upward zero crossings defining the element. The mean height of 
all elements is a measure of the effective roughness size of the surface. 
Effective roughness concentration e was defined as the sum of the heights 
of all elements divided by the length of the sample. For the tests reported 
herein, each maximum height between successive upward zero crossings was 
divided by the distance between the same upward zero crossings, and the 
mean of the resultant steepness values taken to give an effective roughness 
concentration e. The results are shown in table 3. 
Resistance to flow: 
During formation of step-pool systems (as simulated by these tests), bedform 
generation and grain sorting increased the resistance to flow. The grain 
sorting resulted in an armoured stable bed, with larger grains acting as 
isolated roughness elements. The increase in flow resistance can be 
characterised by the ratio If /fJ where f is calculated from the test 
so ~ s 
results, and f from the computed initial flow velocities. Values of this 
. so 
ratio are listed in table 1. 
The tests with low slope and high discharge showed no appreciable change in 
resistance. However, for the test runs at higher slopes, with lower 
discharges, the increase in resistance was very large. This is despite the 
fact that for these runs (i.e. the tests at· slopes greater than 0.075) , 
large scale roughness effects were considered in calculating the initial 
resistance coefficient by virtue of using the modification to the Keulegan 
resistance law as proposed by Hey (19). 
Bed armouring: 
In widely graded materials, the flow causes grain sorting. This leaves a 
coarser top layer by preferentially eroding more of the finer materials 
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than the coarser. Gessler (II, 12), approached the problems from a 
probabilistic perspective. There is a probability q of remaining in the top 
layer, which is function of the flow conditions. If p is the grain size 
distribution curve for the original material, then dp = q dp/( Jl q dp) 
a o· 
defines the grain size distribution of the top layer. Further, an average. 
probability q is defined (12), where q = Jl q dp ). If this value exceeds" 
o a 
0.5, then a stable top layer can be formed. The analysis (11) for predicting 
the armoured top layer was applied to a sample of the original material used 
in the experimental runs previously described. Results are shown for three 
runs in fig.4, compared with the corresponding measured armour layer, where 
runs 3 and 18 present maximum difference between predicted and measured 
distribution of all the tests. Table 4 lists the values of q corresponding 
to initial conditions. 
For slopes larger than 0.075 all values of q are far lower than the limit of 
bed stabilization 0.5. Stabilization was therefore possible only due to 
increase in flow resistance, as also il).ustrated by the values of If If. 
so s 
For the runs with flatter slopes no noticeable increase of flow resistance 
was found. The corresponding values of table 4 fall close to 0.5, the 
differences are believed to be attributed to the precision of the measurements. 
The effect of the sampling procedure and corresponding correction procedures 
have been discussed by Kellerhals and Bray (28), later by Proffitt and 
sutherland (42). In fig.S some armour layer grain size distribution curves 
(areal sampling) are modified to allow comparison with the original curve 
(volume sampling). 
DISCUSSION OF RESULTS 
The values of the Darcy-Weisbach friction fact f , found in the above 
s 
experiments after stabilization, are extremely high. However, they are 
similar to values obtained by other researchers for flow in similar channels. 
as reported by Scheuerlein (46). 
For the low-slope runs 11J 12, 14, 17 and 18 7 the change in resistance to 
flow was negligible over the duration of the tests. These runs yielded 
classic antid~~es, which in the precision of measurement conformed, to the 
equations derived by Kennedy (29, 30). The average e value of 0.054 for 
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these runs lies well outside the general range given by Rouse as corresponding 
to the maximum roughness concentration of many roughness forms. However, 
no values for steepness of antidunes have been reported corresponding to 
maximum roughness. The maximum steepness of antidunes is theoretically 
reached when the water surface wave amplitude reaches a critical value of 
0.142 L (i.e. e = 0.142). At this point the antidunes wash out. A 
photograph of an individual breaking antidune in run 14 showed a value of 
e = 0.151 - close to the theoretical value. Thus for these runs, the e 
values reflect an average condition J where some of the bed is essentially 
plane, and some of it will have antidunes at less or at the maximum 
amplitude. Observation showed that' armouring did occur for these runs. 
However, the predicted and the measured armour layers are not as well 
correlated as for the other runs, since the predicted armour layers for 
initial and final conditions tend to be too coarse (fig.4). These 
predicted armour layers are virtually identical because there was very little 
change in shear stress over the duration of the bed deforming process. On 
correcting the measured armour layer to enable comparison with the original 
bed material, using the Proffitt and Sutherland correction (kellerhals and 
Brays correction over-compensates)r it is apparent that little coarsening 
had occurred. For these runs, action of the flow on the surface consists 
more of a rearrangement of the bed material, rather than coarsening. This 
suggestion is supported by the very low bedload transport rates that 
occurred for these runs, implying that classic antidunes were formed because 
coarsening of the top layer was minimal. 
For the remaining runs (i.e. 1-5, 7, 8, 10, 15 and 16) resistance to flow 
increased during the run. Using initial conditions, the plot of F vs kd in 
fig.3 indicates that the bed waves at the beginning of these runs were antidunes. 
using final conditions, the points from a plot of F vs kd lie in the region 
of fig.3 labelled by Yalin (51) as a region of non-antidunes. 
However, reasonably good correlation was obtained between the measured and 
predicted armour layer for these runs as shown for tests 3 and 8 in Eig.4. 
That there is little difference between the armour layers predicted from 
initial and final conditions shows that Gesslers method is, for these te~t~, 
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reasonably insensitive to change in shear stress. The armour layer 
calculated from initial conditions tends to give the better correlation with 
the measured armour layer, which could be expected since form drag could not 
be considered in the calculation for final condition. 
The average e value for runs 1-5, 7, 8, 10, 15 is 0.129. This is lower 
than the mean value of 0.19 obtained by Sutherland and Williman (49) for 
their armouring tests. However, the maximum roughness height for long, 
square roughness elements and rectangular-bar roughness elements occurs at 
roughness-concentrations of just less than 0.1 and just greater than 0.1 
respectively (31). The bedforms of the present tests, while recognised as 
distorted waves, can be considered to resemble rectangular elements. The 
e value of 0.129 then reflects a compromise between the value of 0.1 (Judd 
and Peterson (21), noted that the high gradient, rough channels they 
investigated tended to give maximum resistance at e = 0.1) due to the 
bedforms, and the value of 0.2 reported to characterize armour layer. 
The role of bedforms associated with armouring explains why, although the 
q values for these tests indicated that stability would not be reached, in 
fact the bed did stabilize. 
CONCLUSIONS 
It'has been possible to simulate, in a laboratory flume, a bed deforming 
process which resulted, after flow reduction; in step-pool sequences which 
resembled those found in mountain streams. On the basis of these 
simulations, it is postulated that the step-pool structures in the bed of 
a mountain stream are generated during high flows and not by the low flow 
which gives them the step-pool aspect. Thus, under usual flow conditions, 
the channel bed of steep mountain streams can be seen as being extremely 
stable. 
The deforming process leading from an initial plane bed to step-pool formation 
is basically the same process as that which produced antidunes. However, 
effects due to the heterogeneity of bed sediments disturb the regularity of 
the process. 
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Where such disturbances occur (at slopes greater than 0.075 for the described 
experiments), bed deformation is accompanied by a large increase in resistance 
to flow which is accompanied by the formation of a coarse armour layer. 
Where coarsening of the top layer is not a significant effect l regular 
antidunes occur (at slopes less than 0.075 in the present tests). Armouring 
for these cases involved rearrangement rather than coarsening of the top 
layer. 
Thus the simulation of formation of step-pool structures involves a combination 
of antidune and armour layer formation. Values of roughness concentration 
tend to suggest that deformation may be that which gives a maximum resistance 
coefficient. 
In view of the above proposed mechanism for generation of step-pool sequences, 
it should now be possible to attack the problem of predicting and understanding 
resistance to flow in steep mountain streams. This will give a better basis 
for prediction of sediment output from mountain regions, vital where agriculture 
and hydro-power generation are affected. 
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APPENDIX II - NOTATION 
D grain size 
D84 characteristic grain size, 
d flow depth 
d = initial flow depth 
o 
e roughness spacing 
F = Froude number 
F = minimum Froude number 
a 
FM = maximum Froude number 
f bottom friction factor 
s 
than which 84% of the mixture is smaller 
f = initial bottom friction factor 
so 
g = gravity acceleration 
k = wave number 
k = roughness element size 
s 
L wave length 
p = grain size distribution function 
Pa armour coat grain size distribution function 
Q discharge 
q probability of a grain of remaining in the armour coat 
q = average probability, stabi~ity factor for armour coat 
r hydraulic radius, referred to the bottom 
s 
u average velocity 
m 
a = velocity distribution correction coefficient 
8 angle of inclination of the flume 
T = average bottom shear stress of the flow 
s 
T' = reduced shear stress 
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Run Slope Discharge Q Average Depth Hydraulic Friction Shear Stress Initial Initial f Froude so 
No. (sin 8) in velocity u d in radius r factor T in Newton depth d friction -- number F 
cubic meters . m . s s . 0 factor f (final ~n meters meters ~n meters f per square ~n meters s 
s per. second meter f conditions) 
so 
( 1) (2 ) (3) (4 ) (5) (6) (7) ( 8) ( 9) (10) (11) 
1 0.0977 0.0039 0.360 0.082 0.081 4.78 77 .39 0.038 0.52 0.33 0.521 
2 0.0977 0.0041 0.3:75 0.083 0.082 4.45 78.28 0.040 0.52- 0.24 0.539 
3 0.0977 0.0045 0.356 0.096 0.095 5.72 90.63 0.042 0.47 0.29 0.476 
4 0.0977 0.0054 0.395 0.103 0.101 4.98 97.03 0.046 0.42 0.29 0.510 
5 0.0847 0.0062 0.427 0.110 0.108 3.93 89.63 0.049 0.39 0.32 0.529 
6 unstable conditions 
7 0.163 0.0010 0.294 I 0.028 0.028 4.12 44.47 0.020 1.45 0.59 0.767 8 0.172 0.0008 0.321 0.019 0.019 2.47 31.82 0.018 1.94 0.89 1.024 
9 unstable conditions 
10 0.2380 0.0004 0.169 0.018 ·0.018 11. 74 41.92 0.013 4.57 0.62 0.569 
11 0.0220 . 0.0148 0.867 0.129 0.109 0.251 23.59 0.098 0.10 0.63 0.931 
12 0.0250 0.0182 1.250 0.110 0.085 0.106 20.77 0.108 0.098 0.96 1.460 
13 unstable conditions 
14 0.0420 0.0108 1.174 0.070 0.060 0.144 24.81 0.075 0.24 1.29 1.762 
15 0.1680 0.0012 0.248 0.037 0.037 7.89 60.65 0.019 1.13 0.38 0.563 
16 0.2410 0.0008 0.136 0.044 0.044 44.91 103.84 0.015 1.87 0.20 0.293 
17 0.025 0.0147 1.200 0.093 0.073 0.099 17 .85 0.094 0.103 1.02 1.524 
18 0.0260 o .01l8 1.027 0.087 0.072 0.140 18.43 0.081 O.ll 0.89 1. 351 
I 
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TABLE 2: WAVELENGTH OF BEDFORMS 
Wavelength in meters Standard 
Run No. Deviation of 
Average Max. Min. meters 
(1) (2) (3) (4) (5) 
1 0.171 0.497 0.045 0.104 
2 0.169 0.640 0.049 0.119 
3 0.227 0.814 0.038 0.163 
4 0.247 0.903 0.082 0.170 
5 0.258 0.618 0.049 0.134 
6 unstable conditions 
7 0.225 I 0.759 I 0.065 0.169 8 0.239 0.686 0.091 0.153 
9 unstable conditions 
10 0.272 0.700 0.061 0.186 
(0.585) 
11 0.402 1.026 0.120 0.248 
(1.091) 
12 0.502 1.062 0.110 0.268 
13 unstable conditions 
(0.632) 
14 0.416 0.979 0.104 0.255 
15 0.286 1.107 0.084 0.236 
16 longitudinal profile 
not measured 
(0.642) 
17 0.433 1. 215 0.124 0.299 
(0.546) 
18 0.457 1.352 0.188 0.280 
(figures in brackets based on photographs) 
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TABLE 3: ROUGHNESS SPACING 
Roughness spacing e 
Run No. Standard deviation 
Average Max. Min. 
(1) (2) (3 ) (4) (5) 
1 0.146 0.436 0.031 0.074 
2 0.138 0.311 0.040 0.078 
3 0.118 0.288 0.031 0.068 
4 0.126 0.217 0.086 0.051 
5 0.100 0.190 0.011 0.039 
6 unstable conditions 
7 0.149 0.335 
I 
0.040 0.063 
8 0.129 0.250 0.045 0.057 
9 unstable conditions 
10 0.130 0.356 0.039 0.071 
11 0.065 0.136 0.022 0.030 
12 0.046 0.087 0.022 0.019 
13 unstable conditions 
14 0.051 0.125 
I 
0.012 0.027 
15 0.127 0.293 0.036 0.063 
16 longitudinal profile 
not measured 
17 0.052 0.141 0.020 0.029 
18 0.055 0.116 0.017 0.023 
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TABLE 4: SELF lh~OURING STABILITY COEFFICIENT 
-Run No. q 
( 1) ( 2) 
1 0.240 
2 0.238 
3 0.145 
4 0.174 
5 0.183 
7 0.213 
8 0.224 
10 0.183 
11 0.495 
12 0.492 
17 ·0.430 
18 0.458 
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FIGURE CAPTIONS 
Fig.l 
Fig.2(a) 
Fig.2(b) 
Fig.3 
Fig.4 
Fig.5 
Steps and pools in the same reach of a steep mountain stream 
under differing flow conditions 
Conceptualisation of progression from antidune flow to the 
tumbling flow of a step-pool system 
Conceptualisation of progression from rough flow to the 
tumbling flow of a step-pool system 
Plot of dimensionless wave number kd vs Froude number F 
Plot of measured and predicted armour layer distribution 
Plot of original material distribution compared with corrected 
measured armour layer distribution 
Figure 1: Steps and pools in the same reach of a steep mountain stream 
under differing flow conditions. 
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Figure 2(a): Conceptualisation of progression from antidune flow 
to the tumbling flow of a step-pool system. 
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Figure 2(b}: Conceptualisation of progression from rough flow to the 
tumbling flow of a step-pool system. 
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Figure 3: Plot of dimensionless wave number kd vs Froude number F. 
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Figure 4: Plot of measured and predicted armour layer distributions. 
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APPENDIX 3 
EXAMPLE OF CALCULATION OF ARMOUR LAYER DISTRIBUTION 
AND STABILITY COEFFICIENT BY GESSLER'S METHOD 
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Bed deformation. Run 4. Gessler Calculation (final conditions). 
kl ki -
Tc /:;PA q/:;PA /:;PD 
2 
T Tc - q PD q /:;PA -T 
2 
3 1. 760 0.047 0.027 0.046 0.0140 '0.0006 0.0081 2.962 x 10 
-5 
4 0.0081 
7.6 0.695 0.047 0.068 0.052 0.295 0.0153 0.2076 0.001 
11.2 0.2157 
·13.6 0.388 0.047 0.121 0.062 0.196 0.0122 0.1655 0.001 
16 0.3813 
19.2 0.275 0.047 0.171 0.075 0.277 0.0208 0.2822 0.002 
22.4 0.6635 
26.95 0.196 0.047 0.240 0.093 0.113 0.0105 0.1425 0.001 
31.5 0.8060 
40.8 0.129 0.047 0.363 0.136 0.105 0.0143 0.1940 0.002 
50 1.000 
rq/:;PA = 0.0737 'i' 2/:;p = 0.00606 ~q A 
I 
-
+q= 0.08220 
I I 
APPENDIX 4 
MANUSCRIPT OF THE PAPER 'EROSION AND SEDIMENT TRANSPORT PROCESSES IN 
STEP-POOL TORRENTS' (BY WHITTAKER AND DAVIES) TO BE PRESENTED AT THE 
FIRST I.A.H.S. SCIENTIFIC GENERAL ASSEMBLY, EXETER, U.K., JULY, 1982 
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ABSTRACT 
EROSION AND SEDIMENT TRANSPORT PROCESSES 
IN STEP-POOL TORRENTS 
by 
J.G. Whittaker 
T.R.H. Davies 
Agricultural Engineering Department 
Lincoln College 
University of Canterbury 
New Zealand 
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In upland regions, streams often exhibit a step-pool morphology where water 
cascades between relatively deep pools. The capacity of such streams to 
entrain adjacent slope material depends not only on water flow rate and 
channel slope, but also on the degree of infilling of the pools by sediment. 
This situation has been idealised, using a laboratory channel containing 
regularly spaced baffles. The results appear consistent with findings of 
studies of real torrents. The laboratory investigation has revealed that 
the erosive capacity of step-pool streams reaches a maximum (for a given 
flow rate) when the pools are almost full of sediment; that is, when 
sediment transport rates are high. This behaviour is conducive to erosion 
of adjacent slopes and contrasts with that of lowland alluvial streams. 
Despite steady inputs, water and sediment outputs from the laboratory 
channel were often independently unsteady. Step-pool streams thus seem to 
display intrinsic unsteadiness, particularly of sediment movement. This 
parallels reports of coherent sediment 'waves' moving slowly through 
mountain-: torrents. Such behaviour is consistent with recent findings in 
the thermodynamics of non-linear systems. These findings seem to relate 
also to low-slope alluvial channel processes. Conventional linear analysis 
may be inappropriate to these situations. 
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INTRODucrION 
In the steep, upper catchment areas typical of many mountainous regions, 
valley side slopes commonly extend to the very banks of the stream in the 
valley bottom. Movement of material down such slopes is largely controlled 
by stream bank erosion and undercutting of the toe of the slope by the 
stream. 
Steep mountain streams often exhibit a staircase appearance, where a series 
of rocky steps alternate with relatively deep pools. This step-pool 
structure acts as an energy dissipator at low flow rates. At high flows 
(or at moderate flows with a high sediment load where pools become filled 
with sediment), the structure is less effective as an energy dissipator, 
leading to higher flow velocities and a greater ability to entrain adjacent 
slope material. 
In order to study this variation in the erosive capacity of a step-pool 
stream, the stream system has been idealised in a laboratory channel 
containing regularly spaced baffles. A tilting, recirculating flume of 
width 0.13 m and length 9.!? m was used, the slope of which could be varied 
up to 25%. Baffle plates 0.27 m high were spaced at 0.5 m intervals along 
the flume bed. A rotating tube sediment feed device capable of supplying 
16 kg/min of 4 mm gravel was mounted on the upstream end of the flume. 
Mean flow velocities were measured using the salt-velocity method (Davies 
and Jaeggi (1981». Mean flow velocity was used as an indicator of the 
stream's relative erosive capability, being directly proportional to unit 
stream power (Yang (1972». Variation of erosive capability through a 
single step-pool unit is now being studied. 
VARIATION IN EROSIVE ABILITY 
Tests were performed at four slopes. At each slope, a series of flow rates 
was investigated, for each of which the variation of mean flow velocity <v> 
with sediment transport rate Q was examined. A test was considered to have 
s 
achieved equilibrium when the measured sediment output rate from the t.'lil of 
the flume equalled the input rate. Photographs were taken to allow examination 
of flow and scour depths. Results of these tests are shown in Fig.l. 
1-2 
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Figure 1: Average velocity versus sediment transport rate. 
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14 
Slope = 2.7% 
For a given flow rate Q, <v> increased rapidly with Qs' until a threshold 
was reached, corresponding to complete filling of the pools with sediment. 
For higher values of Q there was no 
s 
further increase in <v>, and plane 
bed flow with deposition above the level of the baffles occurred. 
Slope = 9.9% 
Initially, <v> increased only slightly with Q (Q const) until, with the 
. s 
two lowest flow rates, drowning of pools by sediment began to occur, and 
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<v> increased more rapidly. Again, a threshold was reached at which the 
pools were filled with sediment and the increase in <v> ceased. At higher 
flow rates no significant drowning.of pools or increase in <v> was observed. 
Slope = 17.2%, 24.8% 
Only the lowest flow at slope = 17.2% showed an increase in <v>, and that 
at a high value of Q. For the other flows, no significant drowning of the 
s 
pools occurred. 
For a given flow rate, it is seen that as pools became filled with sediment 
an increase in <v>, and hence erosive capability, does indeed occur; however, 
drowning is much more difficult to achieve at steep slopes, requiring very 
large values of Q at moderate flows. Maximum velocity is attained when the 
s 
pools are completely drowned. It is significant that field studies (Hayward 
(1980)) describe and illustrate severe bank undercutting due to the drowning 
of pools by sediment. Of particular interest is that erosion is likely 
even at relatively low flows as poo~s become filled with sediment. It 
seems likely that a positive feedback may increase the erosion capability 
in that as the pools in a reach of stream are partly infilled, erosion of 
adjacent banks becomes possible, further increasing the degree of infilling 
and thereby bank erosion. This may explain the occurrence and movement of 
coherent 'slugs' of sediment through a stream system (Hayward (1980), 
Ashida, et. al. (1976), Beschta (1981)), although, as shown in the following 
section, such behaviour seems inherent in a step-pool stream. As yet, it 
has not been possible to relate laboratory flow rates closely to those 
causing equivalent behaviour of prototype streams. Visual appearance 
suggests that, in the field, flows high enough to drown a step-pool !!tIjfltem 
without sediment input would be of the order of a 100 to 1000 yr flood. 
However, drowning by a combination of high flow and sediment transpot:t 
rates can easily occur in a 10 to 25 yr event (Hayward (1980)). 
Thus, at high sediment transport rates, a step-pool stream may, depending 
on the flow, become very erosive. This contrasts with the behaviour of 
lowland alluvial rivers, where low sediment input rates are generally 
thought to lead to bank and bed scouring. 
UNSTEADINESS OF WATER AND SEDIMENT FLOW 
It is well known (Morris (1968).) that clear water flow over regularly 
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spaced baffles can give rise to periodic roll waves. This phenomenon was 
observed in some of the present tests. The roll waves occurred when the 
discharge coefficient for flow over a baffle increased due to the water 
surface in the pool upstream of the baffle rising beyond a certain level. 
This increase in discharge resulted in washing out of the hydraulic jump 
immediately upstream of the baffle into the pool downstream of the baffle. 
The water level in the upstream pool thus fell, while that in the inundated 
pool rose. The same process subsequently occurred with greater amplitude 
at the next baffle downstream: the region of high water level propagated 
and amplified through successive pools. The fall in the level of the 
original pool caused a decrease in outflow over the baffle. Because inflow 
then exceeded outflow, this level rose again, setting another wave in motion. 
These roll waves have never been reported in the literature on naturally-
formed step-pool streams. This is probably because the irregularity of 
natural step-pool sequences tends to damp out. such waves. 
However, Dement'ev (1962), reported velocity pulsations in mountain rivers 
of the U.S.S.R. with periods down to the researcher's measuring limit of 
about 30 sec. Pulsations short enough to correspond to roll-waves could 
have occurred. The magnitude of the pulsations increased with roughness 
of the bed, and with increasing velocity of flow. Dement'ev (1962) inferred 
that the pUlsations were due to turbulence. 
It was noted in the present tests that, with steady inputs of water and 
sediment, both the water and sediment outputs were often independently 
unsteady. Slow moving sediment waves were manifested by periodic variations 
in the degree of pool infilling along the channel (Fig.2). A pattern was 
observable (Table 1) • 
Run 11: Slope = 9.9 p.c. Q = 7.65 lis 
Q = 13.1 kg/min 
s 
Run 16: Slope 9.9 p.c. Q = 12.07 lis 
Figure 2: Sediment waves. 
Q = 12.6 kg/min 
s 
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TABLE 1 
Flow State 
Stable 
BEHAVIOUR OF MODEL WITH INCREASING Q 
s 
Sediment waves may develoPi (these modify the flow with 
possible instability) 
280 
Periodic 
Roll Waves 
The flow instability decreases. Sediment waves may develop, 
and with consequent flow modification lead to complex flow 
instability. 
This suggests that the sediment 'slugs' seen in natural channels may be 
generated by localised bank erosion and be retained in their coherent form 
as they pass along the channel by an intrinsic tendency toward non-uniformity 
in sediment motion. 
Many aspects of the behaviour of sediment-transporting turbulent flows point 
toward similar inherent non-uniformities. They include t'he development of 
bed forms, meanders and riffle-pool sections in initially uniform channels. 
Current theories of sediment transport and channel formation tend to 
account for such non-uniformities by means of empirical coefficients. 
Rather, the behaviour of natural streams seems strikingly similar to the 
behaviour of such non-linear thermodynamic systems (Davy and Davies (1980}, 
Karcz (1981» as described by, for instance, Nicolis and prigogine (1977). 
Very briefly, a linear thermodynamic system returns to a uniform state 
when slightly disturbed, as, for example, does a bed of sand under laminar 
flow. This behaviour is restricted to conditions close to equilibrium. 
Farther from equilibrium, where the thermodynamic system is non-linear, 
a disturbance may generate an instability which, with positive feedback, 
drives the system to a new dynamic equilibrium state in which large scale 
structural order is present. The new state is called a dissipative 
structure (Prigogine (1978)). Such a state can only be maintained by a 
sufficient flow of energy and matter. The analogy between non-linear 
behaviour and the development of bed forms 'is very clear. The bed form 
develops from an initial disturbance which is amplified; in the same way 
a dissipative structure is the result of a perturbation which is ampli:Eied 
by non-linear processes. In both cases, the result is a large scale 
(relative to the initial disturbance) spatial ordering. The sediment and 
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water waves observed in the present tests are seen to have arisen from 
such non-linear processes. Thus, the writers contend that attempts to 
derive analytical models for the behaviour of natural channels in both 
lowland and highland situations should involve recent advances in the 
understanding of non-linear system behaviour, rather than continuing to 
manipulate linear analyses to fit what are essentially non-linear conditions. 
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APPENDIX 5 
OBSERVATIONS OF FLOW AND SCOUR WITH SEDIMENT TRANSPORT IN A STEP-POOL 
SYSTEM (WITH PHOTOGRAPHS) 
A. 
Al 
SLOPE 0.027 
q 
3 -1 . 
0.033 m s /m INITIAL STATE Stable tumbling flow. 
RUN 
78 
77 
70 
22 
23 
Q
s 
(kg/min) 
0.00 
0.599 
1.318 
1.827 
3.642 
DESCRIPTION 
Very little scour. 
(surface nappe). 
(See photograph) 
Flow stable tumbling 
Scour pattern is uneven. Part of the flow 
is stable tumbling, while the rest 
essentially plane bed flow. 
Minimal scour in some pools. 
plane bed flow. 
As for Run 70. 
The flow ill 
Totally plane bed flow. Sediment has 
deposited above the level of the steps. 
(See photograph) 
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284 
Run 78 
Run 23 
A2 q 
RUN 
so 
79 
71 
24 
25 
2S5 
3 
0.077 m -1 s /m INITIAL STATE Stable tumbling flow. 
Q
s 
(kg/min) 
0.00 
0.377 
1. 377 
2.1S1 
5.052 
DESCRIPTION 
Point of maximum scour midway between steps. 
Stable (surface nappe) flow. 
(See photograph) 
Scour reduced with small variations in scour 
pattern apparent. Flow stable. 
Flow stable. Long, low waves beginning to 
appear. C :0: 0.1 m/s. 
Flow is stable, but partly smooth sinusoidal 
Long low sediment waves apparent. 
L :0: 2.5 m. C :0: 0.13 m/s. 
(See photographs) 
Scour almost non-existent. Flow essentially 
plane. 
Run 80 
286 
Run 24(a) 
Run 24 (b) 
A3 
287 
3 -1 q = 0.110 m s /m INITIAL STATE Unstable tumbling flow. 
RUN Q 
s 
(kg/min) 
76 0.571 
72 1.414 
27 2.545 
28 5.810 
DESCRIPTION 
Flow is unstable. Discrete sediment waves 
observable. 
L :::: 3.5 m. c ~ 0.02 m/s. 
(See photograph) 
Flow is unstable. Wave length is less 
distinct than for Run 76. 
Flow is now practically stable. Sediment 
waves comprise a large proportion of the bed. 
L :::: 1.5 m. C :::: 0.04 m/s. 
(See photographs) 
Large portion of the bed surface is plane. 
The flow is stable. 
Run 76 
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Run 27(a) 
Run 27 (b) 
A4 q 
RUN 
73 
75 
31 
74 
30 
289 
3 -1 0.138 m s /m INITIAL STATE Shooting flow. 
Q
s 
(kg/min) 
0.00 
0.864 
1.363 
2.137 
2.933 
DESCRIPTION 
Shooting flow with some surface instability. 
Point of maximum scour midway between steps, 
although eroding just upstream of steps. 
Discrete waves observable. Still some 
surface instability. 
L > 3.5 m. c "" 0.006 m/s. 
Description as for Run 75. 
L--"" 2.5 m. c "" 0.'005 m/s. 
(See photographs) 
Scour has decreased substantially from initial 
conditions. Sediment waves still observable. 
Flow essentially stable. 
Bed is almost plane. Flow essentially stable. 
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Run 31(a) 
Run 31 (b) 
B.' SLOPE = 0.098 
Bl q 3 -1 o . 022 m s /m INITIAL STATE Stable tumbling flow. 
RUN 
65 
64 
81 
1 
2 
4 
3 
5 
Q
s 
(kg/min) 
0.00 
1.525 
2.139 
2.791 
3.678 
5.352 
5.852 
9.096 
DESCRIPTION 
Flow is stable tumbling. 
plunging nappe profile. 
(See photograph) 
Scour reflects 
Scour is reduced. Flow stable tumbling. 
Scour reduced again. Flow still stable 
tumbling. Scour shapes accompanying sedi-
ment transport mechanism are observable. 
(See photograph) 
Flowstill stable. Scour again reduced. 
Further reduction in scour. Flow stable. 
As for Run 2. 
Scour small. Flow stable (just). 
System choked with sediment. 
unstable. 
(See photograph) 
Flow very 
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292 
Run 65 
Run 81 
293 
Run 5 
Run 66 
B2 3 -.L q = 0.039 m s /m INITIAL STATE Stable tumbling flow. 
RUN 
66 
67 
68 
69 
Qs 
(kg/min) 
0.965 
4.862 
8.775 
11.878 
DESCRIPTION 
Flow stable (plunging nappe). Reasonably 
extensive scour. 
(See photograph) 
Flow stable. Scour is reduced with 
sediment waves beginning to occur. 
Sediment waves are apparent. 
become unstable. 
Strong sediment waves. 
L '" 1 m. 
Flow is unstable. 
(See photograph) 
Run 69 
Flow has 
294 
B3 q 
RUN 
7 
8 
9 
10 
11 
295 
3 -1 0.058 m s /m INITIAL STATE Stable tumbling flow. 
Qs 
(kg/min) 
2.329 
3.991 
5.688 
9.611 
13.098 
DESCRIPTION 
Flow is stable tumbling. Discrete 
sediment waves are already apparent. 
Flow is stable. Discrete sediment 
waves. 
Flow is still stable. Sediment waves 
are less apparent.' 
Sediment waves of L ~ 1 m. 
Flow still stable (with some movement in 
pool associated with transport mechanism). 
Strong sediment waves with two tier pool 
structure. 
L ~ 1 m. Flow oscillating a little with 
transport mechanism, but there is no surging 
with roll waves. 
(See photograph) 
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Run 11 
Run 12 
B4 3 -1 q = 0.091 m s 1m INITIAL STATE stable tumbling flow. 
RUN 
12 
13 
14 
15 
16 
Qs 
(kg/min) 
1.441 
3.059 
4.975 
7.665 
12.558 
DESCRIPTION 
Flow is unstable tumbling. Scour 
pattern is reasonably consistent. 
(See photograph) 
Instability in the flow is not as 
marked as above. Scour pattern is 
reasonably consistent. 
Flow instability is further diminished. 
Some variation in scour pattern is 
evident. 
Flow is still unstable. Sediment waves 
are apparent. 
L ~ 2 m. c ~ 0.05 m/s. 
Sediment waves with unstable flow. 
L ~ 2 m. c-~ 0.05 m/s. 
(See photographs) 
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298 
Run 16(a) 
Run l6(b) 
B5 q 
RUN 
17 
18 
19 
20 
21 
3 -1 O. 127m s /m INITIAL STATE Unstable tumbling flow. 
Q
s 
(kg/min) 
2.202 
3.683 
5.817 
8.153 
12.939 
DESCRIPTION 
Flow is very unstable, with large roll 
waves. Scour pattern is reasonably 
consistent. 
Flow still unstable with big roll waves. 
Reason.ably consistent scour pattern. 
Flow instability is less pronounded. 
Sediment is starting to travel in waves. 
Flow is still unstable. Sediment waves 
apparent. 
L '" 2.5 m. c '" 0.03 m/s. 
(See photographs) 
Flow still unstable, although again less 
pronounced. Sediment waves. 
L-·'" 2 m. c '" 0.05 m/s. 
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300 
Run 20 Ca} 
Run 20Cb) 
C. 
Cl q 
RUN 
48 
49 
50 
51 
52 
SLOPE 0.172 
3 -1 0.012 m s /m IN;TIAL STATE Stable tUmbling flow. 
Q
s 
(kg/min) 
2.253 
3.995 
6.730 
10.102" 
13.460 
DESCRIPTION 
Small extent of scour. Flow stable. 
(See photograph) 
Scour "reduced. Flow stable. 
Scour again reduced. Flow stable. 
Two-tier sediment waves. Flow stable. 
(See photograph) 
s~e type of sediment waves as for Run 51, 
but almost choking system. 
become unstable. 
(See photograph) 
Run 48 
Flow has 
301 
302 
Run 51 
Run 52 
C2 q 
RUN 
39 
40 
41 
42 
43 
303 
3 -1 0.017 m s /m INITIAL STATE Stable tumbling flow. 
Q 
s 
(kg/min) 
1. 355 
3.408 
5.089 
7.335 
11.384 
Flow stable. 
pattern. 
23 sees. 
DESCRIPTION 
Reasonably consistent scour 
Period T of transport mechanism <>: 
Decrease in scour. Otherwise, same as for 
Run 39. 
Stable flow. No sediment waves. 
(See photoqrraph) 
T ~ 9 sees. 
Comments as above. 
T ~ 5 sees. 
Run 41 
C3 q 
34 
35 
36 
37 
38 
3 -1 0.028 m· s /m INITIAL STATE Stable tumbling flow. 
Q
s 
(kg/min) 
1. 706 
3.592 
5.999 
8.781 
11. 068 
DESCRIPTION 
Flow stable. No sediment waves. 
(See photograph) 
As above. Period T associated with 
transport mechanism = 17 sees. 
Flow stable. No sediment waves. 
T "" 12 sees. 
Flow stable. No sediment waves. 
Flow stable, no waves of sediment. 
(See photograph) 
Run 34 
304 
305 
Run 38 
Run 46 Ca) 
306 
C4 3 -1 q = 0.049 m ~ /m INITIAL STATE Stable tumbling flow. 
RUN Q DESCRIPTION 
s 
(kg/min) 
44 1.401 .) 
) 
) 
45 3.438 ) 
All these runs had stable ) flow 
) with no sediment waves. 
46A 6.150 ) 
The transport mechanism was noted. ) 
) (See photograph) 
46 9~265 ) 
) 
) 
47 11.549 ) 
D SLOPE 0.248 
Dl q 3 -1 0.012 m s /m INITIAL STATE Stable tumbling flow. 
RUN 
5.3 
54 
Qs 
(kg/min). 
2.403 
3.816 
DESCRIPTION 
Consistent scour shape. 
(See photograph) 
As for Run 53. 
Stable flow. 
No photographs of Runs 55 to 58 were taken. Flow remained stable 
for all these runs. However, a two-tier pool shape denoted the 
presence of sediment waves for Runs 57 and 58. 
Run 53 
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D2 3 -1 q 0.027 m s /m INITIAL STATE Stable tumbling flow. 
RUN 
59 
60 
61 
62 
Qs 
(kg/min) 
2.78b 
6.223 
9.358 
13.201 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
DESCRIPTION 
All these runs had stable flow with 
no sediment waves. 
(See photograph) 
Run 60 
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APPENDIX 6 
Amendments to thesis 
LITERATURE REVIEW 
It should be noted that nearly all quoted formulae for flow resistance 
(e.g. Judd and Peterson, Bathurst, Hey, and Keulegan) and sediment 
transport (e.g. Meyer-Peter and Muller, Einstein) were derived for 
rivers of different form from that of step-pool streams. As the pro-
cesses of flow are different, it was not expected that these. formulae 
would be directly applicable to step-pool channels. Rather, they are 
quoted to give an overview of the subject and to provide a comparison q 
illustrate previous techniques and so on. Almost no formulae for step-
pool channels have been derived in previous studies. 
The term 3.5D84 in the Keulegan equation (p 47) represents the equi-
valent roughness in terms of a measurable particle diameter. It is not 
in fact related to the blocking effect described by Thompson and Campbell 
which accounts for the funnelling of flow between boulders in channels 
with large relative roughness. 
The equation of Volkart (eq. 6-12) is limited to a narrow test range 
as compared to that of this study. Consequently, the term defined as 
3C 
an error in Volkart's analysis,reflects rather the limits of applicability 
of Volkart's equation. 
EXPERIMENTAL ERRORS 
Research into the salt-velocity technique'..by MacMurray (1983) has shown 
that errors in determining mean velocity in situations where mixing 
is slow and density differences between the tracer and water are of 
significance may be up to 10%. However, in tumbling flow, mixing is 
certainly not a problem. 
Davies and Jaeggi (1981) show that the error in the determination of 
mean velocity for a steep stream situation depends mainly on the error 
in determining the travel time of the tracer between the probes. Given 
the nature of some of the conductivity trace patterns evaluated, a 10% 
error in the mean velocity and depth values is conceivable q indicating 
a possible 15% error in the determination of '/S/f. This error is still 
smaller than the observed variations in 18/f~ 
For step-pool streams the method i.s felt to be the best available and 
internally consistent, so the observed trends should be correct. 
ANALYSIS OF RESULTS 
/ 
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The derived results and formulae are empirical and apply for the limited 
range of experimental conditions only. Consequently, application of the 
formulae (as opposed to the qualitative results) to flows in systems with 
different weir spacings and sediment sizes should be made with caution. 
FROUDE NUMBERS 
(See pages 7S-S1, 123-124). All the Froude numbers listed in the tables 
of results are less than unity. However, some of the corresponding tests 
are for the shooting flow regime where Froude numbers of greater than 
one could be expected. The salt-velocity value derived for these tests 
indicated that the lower section of the flow skimming over the step 
crests interacts strongly with·the eddies between the steps. Thus, while 
the flow at or near the surface was certainly supercritical, the inclusion 
in the analysis of mean velocity of the much slower velocity components 
from near the weir crests resulted in average Froude numbers of less 
than unity. 
JET ANGLE 
\. 
\ 
e is in fact not determined by the downstream step. Rather i the trends 
in e with changing discharge are due to the fact that the nappes were 
nonaerated. 
